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The biodegradation of petroleum hydrocarbons by naturally occurring soil bacteria 
has been well documented, and degradation pathways are well known. Hydrocarbon 
biodegradation is predominately an aerobic process, and is generally rate limited by the 
availability of oxygen and of mineral nutrients such as nitrogen and phosphorus. Studies 
with microbial isolates and individual hydrocarbon compounds indicate that normal alkanes 
are preferentially degraded over branched alkanes and aromatic compounds. Low molecular 
weight (C5 to C10) hydrocarbons, which are common to gasoline, tend to retard microbial 
growth when present in liquid form, while higher molecular weight hydrocarbons are more 
readily degraded. Degradation pathways have been identified that involve carboxylic acids 
as intermediates.
The hypothesis for this thesis states that biodegradation of a gasoline product in a 
laboratory simulation of the soil vadose zone will result in depletion of normal alkanes 
relative to aromatics. A lab experiment was devised to enhance biodegradation and 
minimize volatilization of gasoline hydrocarbons in soil. The laboratory apparatus was a 
glass cylinder loaded with a sandy topsoil. This soil column was initially saturated with 
a dilute aqueous solution of nitrogen and phosphorus salts and allowed to freely drain. 
An unleaded gasoline containing 11% MTBE was then drawn into the soil column, allowed 
to saturate, and then freely drained.
Soil samples were periodically removed firom the column and analyzed over the course 
of approximately two months. The C5 to C17 normal alkanes, benzene, toluene, xylenes, 
ethylbenzene, naphthalene and MTBE were quantified by solvent extraction of the soil and 
gas chromatographic (GC) analysis. Carboxylic acids were isolated from the soil by a wet 
extraction procedure, derivatized with BF3-methanol, and analyzed by GC and GC/MS. 
Microbial activity in the soil was monitored by nutrient agar plate counts, hydrocarbon
iii
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utilizing bacteria plate counts, and observations of simple bacterial characteristics such as 
cell and colony morphology and Gram stain reaction.
The results demonstrated that soil bacteria responded to gasoline addition by a net 
increase in population, and an apparent decrease in species diversity. Information from 
an uncontaminated soil and from hydrocarbon utilizing bacteria plate counts indicates 
microbial growth on the gasoline hydrocarbon substrate. Carboxylic acids were not 
identified in the small samples periodically extracted from the soil column, but were 
detected in a bulk column extraction performed at the end of the experiment. Most 
carboxylic acids identified were analogous to residual alkane and aromatic hydrocarbons 
remaining in the soil.
The hydrocarbon monitoring results disprove the hypothesis that normal alkanes are 
preferentially degraded as compared to aromatics. The volatile compounds pentane, hexane, 
benzene, heptane, toluene, octane, ethylbenzene, and o-xylene were all significantly depleted 
in the soil column after two months. The persistence of the volatile compound MTBE and 
the removal of less volatile compounds may implicate some process other than volatilization 
as the primary removal mechanism. The primary removal mechanism is therefore believed 
to be biodegradation, based upon the high level of biological response measured and the 
identification of oxidation products (carboxylic acids). However, the results may also be 
explained by volatile removal of target analytes, with persistence of MTBE due to 
preferential adsorption to soil. Less volatile compounds such as the C9 to C17 normal 
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Gasoline is a staple commodity of the voracious consumer diet of American society. 
Among the pitfalls of utilizing this resource is the impact of uncontrolled spills and 
releases into our environment. The fate of petroleum and the potential impact on health 
and water quality are issues of practical importance to the scientific and legislative 
communities as well as to society as a whole.
Gasoline and other refined petroleum fuels are possibly the greatest contributors to 
the volume of human-produced chemicals inadvertently absorbed by the earth each year. 
The author’s experience with shallow soil drilling in the Denver, Colorado area suggests 
that hydrocarbon accumulations near the water table, at concentrations above the odor 
threshold level, are not at all unusual in metropolitan areas.
The purpose of this research is to describe the bulk composition changes of gasoline 
in soils with time. "Weathering" of gasoline is a term of the common vernacular often 
used to describe composition changes to gasoline; yet it is not entirely satisfactory nor 
unambiguous in its meaning. "Degradation" of petroleum products including gasoline is 
encountered in the scientific literature, yet is often quantified in terms of the mass of total 
petroleum removed rather than residual composition. Furthermore, degradation of 
petroleum encountered in the literature is more often specific to crude oil or heavier fuel 
products, rather than to more volatile, refined products such as gasolines. Relative age- 
dating of gasoline spills based upon changes in bulk composition due to degradation would 
be extremely useful from the perspectives of environmental liability as well as remediation.
This report will review the literature regarding degradation-related changes to 
gasoline, and then describe a laboratory degradation experiment. The experiment involved 
chemical changes in the bulk composition of gasoline that saturated and was drained from 
a column of soil, monitored through the analysis of hydrocarbons, carboxylic acids and 
bacteria in the soil with time. This soil column experiment was patterned after similar
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work done by McKee et al. (1972), who reported rapid bacterial degradation of gasoline 
from aerated soils. However, the study of McKee et al. was primarily focused on the 
physical movement and entrapment of gasoline in subsurface soils, and did not specifically 
address the change in bulk composition of the hydrocarbons associated with degradation.
Composition of Gasoline
Gasoline is a mixture of alkane, aromatic, alkene, and cycloalkane compounds, refined 
by distillation from crude petroleum. There are generally several hundred different 
hydrocarbon compounds in various proportions within a single commercial gasoline product 
(Bland and Davidson, 1967). Individual components of gasoline have been separated for 
analysis by capillary gas chromatography (Matisova et al., 1985; Sanders and Maynard, 
1968). The bulk composition (relative proportion of individual hydrocarbons) of gasoline 
can be expected to vary considerably between retail sources.
Refining of gasoline and other fuels from crude and processed petroleum is generally 
accomplished by catalytic cracking and distillation (Bailey and Bailey, 1981). The 
characteristics of refined petroleum products are often quantified by parameters other than 
chemical composition, such as the boiling range of the distillate (Guthrie, 1960). Figure 
1 presents the boiling point range of gasoline and other refined petroleum fuels, as well 
as some simple hydrocarbon compounds that fall within those boiling point ranges. From 
this Figure, it is apparent that gasoline is composed of considerably lower molecular weight 
compounds of higher volatility than heavier fuels such as kerosene, diesel and fuel oils.
Recent concern and legislative action towards emissions of air pollutants from 
automobiles has resulted in the development of oxygenated fuels. Alcohol or ether 
compounds are blended into these "oxy-fuels" at percent-range concentrations. Specific 
additive compounds include methanol, ethanol, tert-butyl alcohol (TBA) and methyl tert- 
butyl ether (MTBE). MTBE has also been used as an octane enhancement component in 
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Gasoline Contamination 
Gasoline contamination in the environment can be described in a three-phase system  
of soil, water and air. As such, several modes of hydrocarbon occurrences can be 
envisioned at a gasoline contaminated site, as represented in Figure 2. If present in 
adequate quantities, gasoline will form an organic phase floating above the zone of water 
saturation. This immiscible organic phase is often called free-phase gasoline or free 
product. Above the free-phase zone, gasoline hydrocarbons can be entrapped in soil pores 
due to downward migration from the gasoline source. Upward and downward fluctuations 
of the water table will also result in further entrapment of gasoline in soil pores, as 
described below. In the water below the free-phase gasoline, hydrocarbons will become 
dissolved in concentrations up to aqueous solubility limits. Above the free-phase gasoline, 
hydrocarbons will volatilize into the soil pore spaces. Modeling of hydrocarbon partitioning 
in soils is further complicated by considerations of adsorption onto soil surfaces, as well as 
heterogeneities in the soil and aquifer material.
McKee et al. (1972) studied the physical retention of gasoline, water, and 
gasoline/water combinations in soil column tests. Water to gasoline ratios retained in 
drained granular soils were approximately 5:1. It was determined that much of the free 
gasoline on a falling water table would become "pellicular," defined as forming a thin skin 
held by molecular attraction to the soil grains. Pellicular gasoline tends to remain within 
the soil pore spaces, rather than migrate downward due to gravity.
Observations from the soil column studies help explain remediation problems at a 
gasoline contaminated site in the Los Angeles area. Removal of free gasoline from 
groundwater wells became less productive as the water table dropped due to natural 
seasonal variations. The water table drop caused the floating gasoline to become 
entrapped in pellicular form, reducing the quantity of free gasoline available for skimmer 
pump recovery (McKee et al., 1972).
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as free-phase gasoline following a subsequent rise of the water table. The hydrocarbons 
entrapped in soil pores are also not readily removed by water flushing. Low pressure air 
flushing of a drained soil column containing pellicular gasoline did not completely vaporize 
the hydrocarbons (McKee et al., 1972). Physical retention of gasoline in porous soils has 
also been studied in detail by Hoag and Marley (1986).
The presence of the additive MTBE in gasoline products has been observed to lead to 
widespread MTBE plumes at gasoline contaminated sites (Garrett et al., 1986). The 
enhanced water solubility of MTBE (24 times the solubility of benzene) is believed to be 
the cause of MTBE contamination that has migrated farther than the gasoline 
hydrocarbons at sites studied.
Degradation Pathways
Numerous studies are available in the scientific literature regarding degradation of 
crude oil in marine environments, which is probably due to the concern over large scale 
oil tanker spills that have occurred at sea. Less information is available on petroleum  
degradation in terrestrial environments, and generally involve crude oil or oily wastes in 
landfarming applications. Literature on the degradation of gasoline is extremely sparse in 
comparison to heavier fuels, such as diesel or fuel oils. This may be attributable to the 
greater susceptibility of heavier fuels to degradation by bacteria. It may also reflect the 
greater difficulties of monitoring the fate of more volatile hydrocarbons that are present 
in gasoline.
A study of crude oil and diesel fuel degradation in laboratory soil boxes demonstrated 
that oils are subject to volatilization, water dissolution and biodegradation (Eastcott et al., 
1989). Difficulty in quantifying the effect of each process was encountered in the Eastcott 
study, primarily due to their inability to study one process in isolation of the other two. 
Similarly, considerable difficulty was encountered in this thesis study with developing a 
laboratory system to study biodegradation changes in the absence of volatilization. A
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discussion of these two processes related to gasoline hydrocarbons is presented below. In 
addition, field contamination by hydrocarbons may be influenced by aqueous dissolution, 
abiotic oxidation, and adsorption.
Volatilization
The vapor pressure of evaporating petroleum lowers with time, due to preferential 
evaporation of more volatile compounds (Stiver and Mackay, 1984). It can be expected that 
petroleum mixtures will preferentially lose compounds of higher vapor pressure and lower 
molecular weight as evaporation proceeds. Gasoline products generally contain a higher 
proportion of volatile compounds than petroleum products such as diesel and fuel oil, and 
can be expected to undergo greater evaporation losses than the heavier fuels.
Gasoline samples stored for analysis at ambient temperatures exhibited considerable 
loss of volatile compounds over time (Sanders and Maynard, 1968). As much as 75% by 
weight of the C4 and C5 hydrocarbons were lost from these samples, as compared to 
refrigerated gasoline samples. It has been observed that normal alkanes greater than C18 
exhibit no significant volatilization at room temperature (Bossert and Barth a, 1984). 
However, lighter petroleum products such as gasoline tend to be less viscous than heavier 
fuels such as diesel and fuel oil, and can be expected to penetrate quickly into the soil 
where volatilization is minimized. Detailed study and modeling of volatilization of heavier 
petroleum mixtures has been performed in laboratory simulations of surface spills (Stiver 
and Mackay, 1984). Enhanced volatile removal of gasoline from subsurface soils by forced 
venting has been proposed as a contamination remediation technique (Thornton and 
Wootan, 1982).
Biodegradation
It has long been established that numerous species of bacteria are capable of utilizing 
petroleum components as a primary substrate. Bacteria utilization of gasoline, as well as
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kerosene and heavier petroleum fractions, was noted as early as 1913 (Davis, 1967). The 
literature concerning the microbiological aspects of hydrocarbon degradation is extensive, 
and several excellent reviews on the topic are available (Davis, 1967; Atlas, 1981; Atlas, 
1984). All normal alkanes from methane (CJ to high molecular weight paraffin wax are 
readily mineralized to carbon dioxide and water by aerobic bacteria found in soils (Zobell, 
1946). Anaerobic degradation of hydrocarbons is considered to be insignificant in field 
situations (Bossert and Bartha, 1984). Recently, hydrocarbon degradation by nitrate 
respiration, rather than oxygen respiration, has been demonstrated (Wilson et al., 1986).
Nutritional Requirements. A release of petroleum product into soil suddenly increases 
the mass of carbon substrate available to the indigenous microbial community. Some 
species of bacteria will respond by rapid growth on the hydrocarbons, to the extent allowed 
by the availability of other nutrients required for growth. Other species may not respond 
at all to the petroleum spill, while still others may suffer toxic effects and decrease in 
population size.
Availability of oxygen for aerobic degradation is a primary lim iting factor for the 
utilization of hydrocarbons by soil bacteria. Extent of aeration of a soil is dependent on 
the total amount of air-filled pore space in the soil, size of the pores, the rate of oxygen 
consumption by hydrocarbon utilizers or other heterotrophic soil microbes, and the spatial 
distribution of oxygen-consuming portions of the soil. Water is also essential for microbial 
activity. However, an excess of moisture may interfere with the availability of oxygen. 
Elimination of air-filled space by water saturation reduces the soil oxygen content to the 
small amount dissolved in the water (Bossert and Bartha, 1984).
Microbes require available nitrogen and phosphorus nutrients in order to incorporate 
hydrocarbons into biomass (Atlas, 1981). Hence, the availability of adequate nitrogen and 
phosphorus sources in close proximity to the petroleum release is critical for optimum 
growth of bacteria. Due to the composition of petroleum products, a hydrocarbon spill in
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soil is characterized by an excess source of available carbon, and relatively minimal 
quantities of mineral nutrients such as nitrogen and phosphorus. Several authors report 
that addition of phosphorus and nitrogen salts has stimulated the biodegradation of 
petroleum in soil and aqueous systems. However, there are also a number of reports 
where no benefit was gained from mineral salts addition. These discrepancies may be 
explained by sufficient quantities of nitrogen and phosphorus existing in the soil, or by the 
greater limitation of other factors, such as oxygen availability (Bossert and Bartha, 1984).
Occurrence of Bacteria. Several authors have provided evidence o f the widespread 
distribution of hydrocarbon utilizing bacteria in nature, and of microbes capable of 
degrading refined petroleum products such as gasoline. Zobell recognized in 1946 that 
many microorganisms are capable of utilizing hydrocarbons as sole sources of energy and 
carbon, and that such microbes are widely distributed in nature. The microbial population 
of most non-contaminated soils include naturally occurring hydrocarbon degraders. 
Petroleum addition to the soil selectively enriches that sector of the microbial community 
that can utilize the new carbon source. Toxic components of the petroleum may also 
selectively inhibit other members of the microbial community. The net result is a shift in 
population size and species diversity in the soil (Bossert and Bartha, 1984).
Groundwater samples collected from approximately 30 fuel contaminated sites across 
the U.S. were analyzed for hydrocarbon concentrations, as well as for hydrocarbon utilizer 
counts (Litchfield and Clark, 1973). All of the samples contained hydrocarbon utilizing  
bacteria, suggesting that these bacteria are ubiquitous in subsurface environments. Low 
counts of hydrocarbon utilizing bacteria (103/ml or less) corresponded to low hydrocarbon 
concentrations (10 ppm or less). The predominate bacteria identified included the genera 
Pseudomonas. Arthrobacter and actinomycetes of the genus Nocardia.
Numerous genera of hydrocarbon utilizing bacteria have been isolated and identified 
from soil. In descending order, the most frequently reported bacteria genera are
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Pseudomonas. Arthrobacter. Alcaligenes. Corvnebacterium. Flavobacterium. Achromobacter. 
Acinetobacter. Micrococcus. Nocardia and Mycobacterium. Less frequently reported were 
the genera Bacillus. Brevibacterium. Chromobacterium. Cytophaga. Erwinia. Proteus. 
Sarcina. Serratia. Spirillum. Streptomvces. Vibrio and Xanthomonas (Bossert and Bartha, 
1984).
Preferred Hydrocarbon Substrates. It has been observed that microbes isolated from 
soil tend to preferentially or more efficiently degrade alkanes as compared to aromatic 
compounds. Cyclic hydrocarbons are degraded more readily than aromatics, but not as 
readily as alkanes. Branched alkanes of the C10 to C22 range are less biodegradable than 
normal alkane analogues (Davis, 1967).
Low molecular weight alkanes (C5 to C10) tend to retard microbial growth when 
present in liquid form, which is probably due to solvent-type membrane toxicity (Davis, 
1967). However, bacterial growth on the vapors of C5 to C10 alkanes, as well as of 
monocyclic aromatics, has been demonstrated. Higher molecular weight hydrocarbons have 
lower vapor pressures and little solvent toxicity effect, and are more readily degraded by 
hydrocarbon-utilizing bacteria. Alkanes and aromatics above C22 have low toxicity, but are 
not readily degraded due to extremely low water solubilities and solid state at ambient 
temperatures (Davis, 1967; Bossert and Bartha, 1984).
It has been stated that while these low molecular weight compounds tend to volatilize 
rather than biodegrade in surface environments, the rapid infiltration into subsurface soil 
brings volatile compounds into areas of suppressed volatilization. Biodegradation rather 
than evaporation of the C5 to C9 compounds becomes the principal mechanism for their 
removal as long as oxygen remains available for microbial utilization (Bossert and Bartha, 
1984).
Biodegradation of crude and heavy petroleum products from soil has commonly been 
measured by gravimetric analysis, involving periodic extraction of sample with diethyl ether
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or methylene chloride, solvent evaporation in a tared dish and weighing of the petroleum 
residue. Gas chromatographic analysis has been used to demonstrate that biodegradation 
of crude oils results in a decrease of normal alkanes compared to pristane or phytane. 
These isoprenoid compounds are generally very resistant to biodegradation (Bossert and 
Bartha, 1984).
Microbial degradation of fuel products in storage tanks (in the absence of soil) has 
also been extensively studied, usually with the goal of developing degradation-inhibiting 
additives or techniques for storing fuels. It has been noted that kerosene, diesel and jet 
fuels are degraded faster and by a greater variety of microbes than gasoline. This is 
attributed to the greater concentration of volatile hydrocarbons of the C5 to C10 range in 
gasoline, which are generally considered inhibitory to growth of bacteria when present in 
the liquid state (Davis, 1967).
Biodegradation Products
Detailed evaluation of the degradation pathways for hydrocarbon utilization by 
bacteria has generally involved bacterial isolates and single substrate compounds. 
However, in an oil spill, a great range of hydrocarbon substrates is available to a host of 
bacteria types. Normal alkanes are generally considered the most readily degraded 
components of petroleum. Reported results of field studies have ranged from the sparing 
of iso-alkanes in the presence of n-alkanes, to cometabolic oxidation (co-oxidation) of 
hydrocarbons (Atlas, 1981). Following is a brief discussion of bacterial degradation 
pathways and products of degradation, which was obtained from and is described in more 
detail by Singer and Finnerty (1984), and Cemiglia (1984).
Both short-chain and long-chain alkanes are oxidized at the terminal carbon to the 
corresponding alcohol, aldehyde, and fatty acid (see Figure 3). These fatty acids are 
believed to be further oxidized by an inducible beta-oxidation system, to the level of acetate 
for even-chain alkanes, and to acetate plus propionate for odd-chain alkanes. Acetate can
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then be subsequently oxidized to carbon dioxide and water by numerous types of soil 
bacteria. Branched alkanes contain tertiary and quaternary carbon atoms that may 
constitute a hindrance to beta-oxidation. Numerous substrate and non-substrate (not 
metabolized) compounds have been identified that induce the oxidation of alkane in a 
bacterial isolate. Inducible growth on alkane has been demonstrated to co-induce oxidation 
to the corresponding alcohol, aldehyde and fatty acid in a species of Pseudomonas. 
indicating that these classes of compounds may be byproducts of growth. In a Candida 
species, fatty acids were found to either be oxidized to acetate by a beta-oxidation system, 
or incorporated directly into cellular lipids.
Bacterial metabolism of benzene has been demonstrated to lead to catechol (1,2- 
benzenediol) as the initial intermediate compound. Catechol is further oxidized either to 
cis,cis-muconic acid or to 2-hydroxymuconic semialdehyde (see Figure 3). Depending upon 
the organism, toluene can be oxidized either at the methyl group to benzoic acid and then  
to catechol, or by formation of a methyl cis-dihydrodiol preceding methyl catechol 
formation. Catechol or methyl catechol can then undergo ring fission as described for the 
benzene pathway.
Oxygenated products of hydrocarbon degradation, such as carboxylic acids, are 
generally more water soluble than the parent hydrocarbons, and hence are readily leached 
from soils. Reported measurements of carboxylic acid accumulations due to petroleum 
biodegradation in soils generally involve preferential partitioning of the acids in the 
aqueous phase (Dietz, 1980; Bossert and Bartha, 1984).
Previous Studies
Several studies concerning the chemical composition changes of gasoline due to abiotic 
processes and biodegradation have been encountered in the literature, and are briefly 
discussed below. Some of the studies have gone so far as describing bulk composition 
changes that may be useful for age dating of a petroleum fuel release. Included in this
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discussion are some references to chemical changes in heavier fuels and crude oil that are 
potentially useful. Some of the literature indicates that preferential removal or 
transformation of particular compounds or compound classes may be occurring, resulting  
in net depletion of some hydrocarbons and relative enrichment of others (Kapeler and 
Wuhrman, 1978a,b; Kurbskii et al., 1983). However, there is also documentation of 
degradation changes that do not result in enrichment or depletion of particular 
hydrocarbons (Horowitz and Atlas, 1977; Jamison et al., 1976; Pritchard et al., 1976).
Soil column experiments by McKee et al. (1972), utilized granular aquifer soil for 
studies of physical retention of gasoline, as well as microbiological studies. The 
investigations were performed in response to gasoline contamination of groundwater near 
a water supply well in Los Angeles. Several species of Pseudomonas and Arthrobacter 
bacteria in the aquifer soil were found to be utilizing gasoline as a source of carbon and 
energy for growth. Bacterial degradation of pellicular gasoline was found to be rapid in 
well-aerated soils, but less effective in water saturated soil. It was reported that for 2 
grams of gasoline utilized, 1 gram of bacterial cells was produced, and the remainder of 
the gasoline was converted to carbon dioxide. These data were based on measurements 
of total organic carbon, however, and no information on the amount of gasoline volatilized 
or the changes in bulk composition of the gasoline were reported.
Bill Dunn, chief chemist for the Colorado Department of Health, has considerable 
experience with analysis of free-phase hydrocarbons from subsurface releases. Gas 
chromatographic analysis has been used to provide litigation evidence of the relative age 
of gasoline releases. Weathered free-phase gasoline samples characteristically show  
relatively depleted peaks of low boiling compounds, and larger peaks of higher boiling 
compounds. The specific peaks of interest include a single peak which elutes first, followed 
by a doublet peak, and then a triplet peak, which seem to become depleted with time. 
Fresh gasoline will have a much greater proportion of these specific peaks, which are 
believed to represent the low boiling pentane and hexane isomers. As these peaks are
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depleted with time, three other sets of peaks (two single peaks and a later eluting doublet) 
become more prominent with time. These later eluting peaks are believed to represent 
benzene, toluene and xylenes. These characteristics of gasoline weathering are not based 
upon an identification of individual compounds in the chromatogram, but rather by 
"fingerprints" of the hydrocarbons by rapid chromatographic analysis. Chromatographic 
conditions were not identified. In this manner, Dunn believes that subsurface free-phase 
gasoline can be labeled as fresh, suggesting a currently or recently active source of 
contamination, or as weathered, suggesting that the gasoline has been in the subsurface 
for a year or more. Field samples will sometimes indicate mixing of both fresh and 
weathered gasoline, suggesting the mixing of gasoline from an old source with that from 
a new one. These bulk composition changes are consistent with evaporation of lighter 
gasoline components as a mechanism for weathering (Dunn, 1987).
Similar qualitative changes in the field degradation of free-phase gasoline have been 
noted by Senn and Johnson (undated). Their experience indicates that a qualitative age 
estimation of liquid hydrocarbon samples is possible from capillary gas chromatographic 
analysis. Degree of weathering and degradation are determined by the areas of peaks of 
compounds with boiling points lower than toluene. A high concentration of these light- 
end, early eluting peaks is typical of gasoline products, and indicates that the gasoline is 
relatively unweathered and has not been in the subsurface very long. Small light-end 
peaks indicate that the product is weathered, and has probably been in the subsurface 
longer than unweathered gasolines. Specific subsurface residence times associated with 
weathered and unweathered gasolines were not stated.
Trends in the vapor phase hydrocarbon compositions with time were monitored in a 
laboratory experiment involving static trapping of vapors onto carbon coated Curie-point 
wires and pyrolysis-mass spectrometric analysis. The purpose of the experiment was to 
determine if  the age of a gasoline spill or groundwater gasoline plume could be determined 
from these data. A thin layer of sandy soil and 60 ml of gasoline were placed in an
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aquarium and covered with aluminum foil to minimize losses due to evaporation. Sample 
collection wires were placed in the aquarium and exposed for 5 minutes. Sample collection 
was performed at roughly one week intervals for seven weeks. The results indicated that 
the vapor-phase composition did change with time. Predominately alkanes evaporated in 
the earliest samples. Later samples indicated higher proportions of di- and tri-alkyl 
substituted aromatic compounds. The latest samples showed a decrease in evaporated 
aromatics and increasing light alkane fragments (Ryding, 1985).
Laboratory experimentation with biodegradation of dissolved gas oil in groundwater 
indicated preferential depletion of certain compounds. The groundwater contained a 
natural microbial population, as well as dissolved mono- and dicyclic aromatics of the C6 
to CM range. The groundwater flowed through columns packed with presterilized sand to 
provide solid matrix sites for biodegradation. Gas chromatographic analysis of the drained 
water indicated that m-xylene and p-xylene were degraded at a much faster rate than 
ethylbenzene and o-xylene. Toluene was degraded faster than ethylbenzene and o-xylene, 
but slower than m-xylene and p-xylene. 1,2,4-Trimethylbenzene was degraded much faster 
than 1,3,5-trimethylbenzene and 1,2,3-trimethylbenzene. Formation of polar degradation 
products in the water, as measured by the difference of total organic carbon versus gas 
chromatographic measurements, reached a maximum when the hydrocarbons were no 
longer detectable by gas chromatography (Kappeler and Wuhrmann, 1978a,b).
A  Soviet study of the composition changes in crude oil due to biodegradation found 
preferential depletion of specific compounds within the gasoline fraction. It was found that 
increases in the biodegradation of crude oil resulted in an overall decrease in alkane 
concentrations, a decrease in the 2-methylpentane/3-methylpentane ratio, and a decrease 
in the cyclohexane/dimethylcyclohexane ratio. These changes are probably attributable to 
the hindrance of microbial utilization of compounds with alkyl branching (Kurbskii et al., 
1983).
Biodegradation of crude oil and heavier fuels has been shown to decrease the
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chromatographic resolution of hydrocarbons in soil extracts. Eastcott et al. (1989) observed 
in laboratory soil box systems that degraded oil residues exhibit an unresolved mass or 
"hump" under the peaks in gas chromatograms. This hump gradually changed shape and 
increased in area over the four months of the study. It was suggested that the relative 
size of the hump is directly proportional to the extent of biodegradation. Atlas (1981) 
similarly observed an increase of the "unresolved envelope" below peaks in gas 
chromatograms that coincided with biodegradation.
Several literature studies have been encountered that observed little or no preferential 
degradation of particular hydrocarbon compounds. In one study, isolated bacteria cultures 
were demonstrated to degrade relatively few individual hydrocarbon compounds when these 
single compounds were the sole source of carbon provided for bacterial growth. However, 
these same bacteria cultures were capable of degrading most hydrocarbons of a high-octane 
gasoline (Jamison et al., 1976). This indicates that co-oxidation played a major role in the 
degradation of the gasoline hydrocarbons. Co-oxidation is the fortuitous oxidation of non­
metabolized compounds that occurs during the metabolic utilization of other compounds as 
a source of carbon and energy for bacterial growth. Diesel fuel that was degraded in a 
m ultistage continuous culture system was analyzed qualitatively by gas chromatography, 
which indicated that both alkanes and aromatics were significantly removed, presumably 
by bacteria (Pritchard et al., 1976).
Gas chromatography/mass spectrometry analysis of crude oils exposed in Arctic coastal 
waters showed that similar relative quantities of individual compounds were maintained 
regardless of the amount of degradation. The results seemed to indicate that most 
components, such as normal alkanes as well as aromatics, were being degraded at similar 
rates. Here again, co-oxidation was hypothesized to account for similar disappearance rates 
of easily degraded compounds as well as those resistant to degradation (Horowitz and 
Atlas, 1977). In another study, identical individual compounds within two different fuel 
oil mixtures exhibited different susceptibilities to biodegradation (Walker et al., 1976).
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Generally, less biodegradation of a given compound was observed in heavier oils than in 
lighter, more refined oils. Therefore, preferential degradation of compounds and consequent 
bulk composition changes may be highly influenced by the composition of the original 
petroleum mixture.
The biodegradability of some gasoline additives has been described in the literature. 
While methanol has been found to be readily degraded in subsurface soils and aquifer 
material, ferf-butyl alcohol is much more slowly degraded (Goldsmith et al., 1985; Novak 
et al., 1985). Based on measurements of biological oxygen demand, it has been suggested 
that MTBE is not likely to be biodegraded in the presence of activated sludge (U.S. EPA, 
1987). The biodegradability of MTBE in the presence of hydrocarbon gasoline components 
has not been encountered in the literature.
In-situ biodegradation has been utilized as a groundwater remediation technique at 
gasoline contaminated sites. Approximately 1000 gallons of gasoline were calculated to 
have been eliminated from a public water supply aquifer by enhanced biodegradation 
(Raymond et al., 1976; Jamison et al., 1975). After pumping of free product became 
unproductive, the enhanced biodegradation program was initiated by introducing dissolved 
nutrient salts and air spargers into groundwater wells. U se of hydrogen peroxide as a 
source of dissolved oxygen within aquifers has been studied to enhance in-situ  
biodegradation (Briton, 1985).
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STATEMENT OF PROBLEM AND HYPOTHESIS
Considerable information has been encountered regarding the changes in bulk 
composition of heavier petroleum, such as crude oils, kerosene and diesel fuels, due to 
biodegradation. Less literature has been found that describes chemical changes caused by 
biodegradation of light petroleum fractions, such as gasoline. The effect of biodegradation 
on the bulk chemical composition of gasoline is particularly interesting in light of the 
conventional knowledge that gasoline-range hydrocarbons in liquid form are generally toxic 
to microbes.
As a basis for this experiment, the following hypothesis was proposed: biodegradation 
of a gasoline product in a laboratory simulation of the vadose zone will result in depletion 
of normal alkanes relative to aromatics. Highly biodegraded gasoline will be composed of 
benzene, toluene, xylenes, and ethylbenzene, with near depletion (less than 10% remaining) 
of normal alkanes.
In order to test the hypothesis, a laboratory apparatus was constructed to simulate 
degradation of the gasoline product in a moist, well-drained soil. Volatile removal of 
hydrocarbons was minimized, and biodegradation was optimized so that changes 
attributable to biodegradation could be studied. The normal alkane and aromatic 
hydrocarbon content of the contaminated soil was analyzed periodically to measure 
hydrocarbon removal with time. The concentration of MTBE in the soil was also 
measured. The production of carboxylic acids was monitored, to identify intermediates that 
may confirm the biodegradation of hydrocarbons. Monitoring of microbial activity in soil 




A soil column system was developed to test the hypothesis that biodegradation of 
gasoline in soil will result in persistence of aromatic hydrocarbons and depletion of 
alkanes. This experiment was intended to simulate the entrapment of pellicular gasoline 
in unsaturated soils, caused by seasonal rising and falling of the water table and 
subsequent vertical movement of free-phase gasoline. The initial soil loading and 
introduction of water and gasoline were patterned after physical retention experiments of 
Mckee et al. (1972), and Hoag and Marley (1986). Following the drainage of water and 
gasoline from the soil column, soil samples were collected periodically and analyzed for 
hydrocarbons, carboxylic acids and bacteria activity.
A  glass cylinder was constructed for the experiment with sampling ports to allow 
convenient access to the soil for sampling. A diagram of the glass cylinder is shown in 
F ig u r e  4. The 24-inch long cylinder was mounted vertically with universal clamps on a 
ring-stand assembly. A teflon stopcock was constructed at the tapered bottom end of the 
cylinder, and the top end was equipped with a removable glass adaptor, which had a 
tapered 24/40 mm ground glass fitting. An aeration tube, consisting of 0.5-inch diameter 
perforated glass tubing, was placed down the center axis of the cylinder during soil 
loading, and was intended to provide aeration throughout the length of the soil column.
Along the side of the cylinder were seven sample ports, each constructed from the top 
3 cm. of a pyrex screw-top test tube that had been fused into the glass cylinder wall. The 
sample ports are sealed with teflon-lined screw caps, thus allowing access to small 
quantities of soil needed for monitoring during the experiment. The ports were numbered 
1A, IB, 2 through 4, 5A, and 5B. Ports 1A and IB were located at the same vertical level 
on the glass cylinder, as were ports 5A and 5B. Each set of two equal-level ports was 
used to provide an initial or baseline sample and a final sample for monitoring, in order
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to minimize system variance effects on the analytical results. Intermediate ports 2 through 
4 were available to periodically monitor progress of the experiment.
Sample ports remained sealed for the duration of the experiment, except during the 
brief sampling periods. Each port was sampled only once, in order to minimize 
perturbations of the system. Soil sampling involved removal of the teflon-lined cap and 
scooping out soil with a small metal spatula. The first gram or two of soil encountered 
in the port was removed and discarded. Soil used for analysis of hydrocarbons, carboxylic 
acids and bacteria was collected from the central portion of the soil column. 
Approximately 5 to 6 grams of soil was removed for each sampling event. After the soil 
samples were removed, the void space in the column was filled with water-moistened soil.
During the experiment, a water-cooled condenser was fitted onto the top of the glass 
cylinder. The purpose of this condenser was to cool the head space above the soil column, 
thereby minimizing the loss of volatile organics from the soil, without totally eliminating 
the free exchange of gas from the system to the atmosphere. Free exchange of oxygen and 
carbon dioxide was needed to benefit biodegradation during the experiment. The 
limitations of using tap water to sufficiently minimize volatile loss by condenser cooling 
was recognized, and a qualitative test of condenser efficiency was devised. This involved 
placing 250 ml. of gasoline into a flask that was fitted with a water-cooled condenser of 
similar size as used on the soil column. The condenser efficiency test was placed in the 
same location as the soil column experiment and maintained with tap water cooling for the 
same length of time. The amount of gasoline remaining in the flask was measured at the 
end of the experiment to determine the amount of gasoline evaporated. This condenser 
efficiency test was only qualitative, however, since comparison with the gasoline in the soil 
column will not account for the different exposed surface areas of the two systems. In 
addition, strongly adsorbed compounds may undergo significantly less volatilization than 
weakly adsorbed compounds, which would not be reflected in the condenser efficiency 
experiment.
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In addition to the soil column experiment, a soil blank was maintained within a 500 
ml separatory funnel. This soil originated from the same bulk soil collected for the soil 
column experiment, and was subjected to the same preparation except for the addition of 
gasoline. The soil blank was maintained at the same location in the laboratory as the soil 
column for the duration of the experiment. Samples of the soil blank were utilized for 
comparative control in monitoring of hydrocarbons, carboxylic acids and bacteria. The soil 
blank was also used for refilling the void space in the soil column following sampling.
Experiment Initiation
Approximately 25 pounds of a moderately moist, dark brown, fine to medium sandy 
topsoil with little silt- and clay-size fines was collected on February 20, 1989. The soil was 
collected from just below the root line with a shovel and placed in canvas bags. The soil 
had a peat-like odor and was assumed to be relatively fertile. The sample was collected 
from a grassy, wooded area located above the banks of Clear Creek near Washington 
Avenue in Golden, Colorado. Large roots and cobbles were deliberately excluded from the 
soil in the field. The next day, the entire bulk sample was passed through a No. 4 mesh 
(4.8 mm openings) brass sieve, and the retained gravel and roots were discarded. The 
material that passed through the sieve was homogenized by hand mixing and replaced into 
canvas bags.
The glass cylinder assembly had been acetone-rinsed and allowed to dry for a week 
prior to soil loading on February 27, 1989. Glass wool and a triangular support 
constructed out of 1/4-inch glass rod were placed in the bottom of the soil cylinder to 
prevent the soil from clogging the stopcock. The soil was homogenized with a spoon to a 
visually consistent moisture content, and loaded into the cylinder in 100 g increments. 
Following the addition of each increment, the soil was leveled and gently tapped with a 
length of 1 cm o.d. glass tubing. Each increment layer received 50 taps, with each tap 
equivalent to raising the tube 1-inch and dropping. This consistency in soil compaction
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was m aintained in an attempt to fill the soil in a uniform manner. Care was taken to 
assure that the aeration tube was in the proper central position during soil loading. The 
quantity of soil loaded into the cylinder, as well as other physical data collected during 
system  initiation, are presented in Table 1.
The soil column was then saturated with a dilute mineral salts solution. The solution 
was identical in composition to the mineral salts media described later in the Bacteria 
Monitoring section of this report, except that no agar was added. This solution contained 
approximately 1 gfl each of nitrogen and phosphorus salts, and was intended to provide 
soil bacteria with beneficial nutrients, as well as to provide initial water saturation of the 
soil. The aqueous solution was drawn through the soil column from the bottom by 
applying an aspirator vacuum at the top of the column, as described in Hoag and Marley 
(1986). The aqueous solution was drawn into the soil column at a rate of approximately 
20 ml/min. After filling the column, the stopcock was closed, the vacuum was removed 
and the soil was allowed to saturate, until it was observed through the glass that all of 
the soil was wet. The aqueous solution was then allowed to freely drain from the soil 
column. The volume of water retained in the soil column was 580 ml.
The following day, the soil column was saturated in similar fashion with unleaded 
gasoline reportedly containing 11% methyl-terf-butyl ether (MTBE) as an additive. 
Drainage of gasoline from the soil column also yielded another 115 ml of water, which was 
probably displaced from the soil pores as a result of gasoline wetting. The stopcock at the 
bottom of the glass cylinder remained open for the remainder of the experiment. As shown 
on Table 1, a total of 190 ml of gasoline was retained in the soil column. The initial 
gasoline concentration of the bulk soil is calculated to be approximately 50,000 ug/g or 5% 
by weight.
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Table 1: Soil Column Data
Soil Loading
Soil mass: 1900 g
Soil volume: 1400 cm3
Initial moisture content1: 2.5%
Initial dry density: 1.3 g/cm3 = 81 lb/ft3
Water Loading
Pore volume (water retained
in saturated column): 622 ml
Water retained in soil
after draining: 580 ml
Moisture content of
drained soil (calculated)1: 34%
Gasoline Loading
Gasoline retained in soil
after draining: 190 ml
Additional water drained
with gasoline: 115 ml
Moisture content (calculated)1: 28%
Gasoline content (calculated)2: 5%
1 - Moisture content is calculated as:
((water weight)/(dry soil weight))( 100).
W eight loss due to water loss and dry weight of soil are obtained by 
drying a weighed soil sample at 100 degrees C for 4 hours.
2 - Gasoline content calculated as:
((weight of gasoline retained)/(wet soil weight))( 100).
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Hydrocarbon Monitoring
The soil column and appropriate quality control samples were sampled and analyzed 
for hydrocarbons on 1 day, 37 days, 52 days, and 67 days after addition of gasoline to the 
soil column. The method chosen for hydrocarbon monitoring in soil was solvent extraction 
with addition of an internal standard and capillary gas chromatographic (GC) analysis. 
A representative sample of the bulk soil column was also extracted with methylene chloride 
190 days after addition of gasoline, and analyzed by GC/MS for qualitative identification 
of residual compounds. Although purge-and-trap is the preferred method of analysis for 
volatile compounds (U.S. EPA, 1982), the relative simplicity of solvent extraction and the 
ability to obtain reproducible results with adequate spike recovery made this the analytical 
method of choice.
Target analytes were the C5 to C10 normal alkanes, as well as the aromatic compounds 
benzene, toluene, o-xylene, m-xylene (which coelutes with p-xylene), and ethylbenzene. 
Chlorobenzene was used as an internal standard. After initiation of the experiment and 
collection of baseline data, it was determined that analysis for Cn to C17 normal alkanes 
and naphthalene would be useful as well.
Calibration standards of target analytes were blended from stockroom reagents, and 
analyzed by GC during the analysis of each sampling event. Because of a lack of an 
MTBE standard, the MTBE peak was initially identified by the high concentration (11%) 
in the gasoline and the close proximity to the hexane peak. The retention time of MTBE 
relative to hexane was confirmed by GC/MS analysis of a standard blend following 
completion of the experiment.
Baseline soil samples were extracted with a late eluting solvent. In this manner, the 
target analytes would elute first during GC analysis, followed by the solvent peak. 
Dodecane, a late eluting solvent, was used for the baseline extractions because volatile 
solvents such as methylene chloride would result in significant interference of the solvent 
peak with analyte peaks of interest, such as hexane, MTBE, etc. While adequate spike
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recoveries (88% to 110%) were obtained using dodecane as a solvent for the baseline 
samples, there were two significant problems associated with these heavy solvent 
extractions. The most troublesome problem was the condensation of residual dodecane in 
the column, which resulted in ghost peaks appearing in the following GC run. The other 
undesirable effect of heavy solvent use is the poor resolution and peak shape of analyte 
peaks that elute just before the solvent peak.
Later sampling and analysis after the baseline set of samples utilized two solvents for 
extraction of hydrocarbons: methylene chloride for toluene and later eluting analytes, and 
o-xylene for more volatile analytes. The methylene chloride extracts were concentrated by 
nitrogen blowdown to enhance detection of later eluting peaks. The xylene extracts were 
analyzed for the more volatile, early eluting peaks that were lost during nitrogen blowdown 
of the methylene chloride extracts. Chlorobenzene as an internal standard was not added 
to xylene solvent extracts, due to problems with separation of chlorobenzene from the 
solvent peak. Ghost peaks from the methylene chloride and xylene solvents were not 
observed.
The following is the procedure used for preparation of hydrocarbon extracts:
1. Two test tubes were labeled and weighed for each sample.
2. Approximately 1 g of soil was collected with a small metal spatula and placed 
in each test tube, and reweighed to obtain sample weight.
3. 1.50 ml of solvent was dispensed into each test tube. For each sample, 
methylene chloride was dispensed in one tube and o-xylene in the other, each containing 
soil removed from the same vicinity of the system.
4. Test tubes were capped and agitated gently by hand for 3 to 5 minutes.
5. The soil/solvent mixture was centrifuged to obtain separation.
6. Clear solvent was dispensed into preweighed vials with disposable Pasteur 
pipettes, and reweighed.
7. For methylene chloride solvent: extract was reduced to approximately l/10th of
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volume originally removed from soil by gentle nitrogen blowdown. After the blowdown, 1.0 
to 2.0 ul of chlorobenzene was accurately measured and added as internal standard, using  
a microliter syringe. The vial was reweighed immediately prior to analysis for final 
sample weight.
8. Sample extracts were stored at 0 degrees Celsius until analysis.
Analysis of gasolines by capillary gas chromatography has been described in the 
literature (Matisova, 1985; Sanders and Maynard, 1968). High resolution separation of the 
hundreds of compounds present in gasoline requires long column lengths (up to 100 m), 
high split ratios (up to 200:1), and low, subambient initial temperature conditions. 
Adequate separations of the hydrocarbon extracts analyzed in this experiment were 
obtained with somewhat less optimal equipment and conditions; however, coelution of 
compounds in peaks identified as target analytes is a possibility.
The GC analyses were performed on a Gow-Mac Series 750P gas chromatograph with 
flame ionization detector. This instrument was a packed column GC that was retrofitted 
with a carrier gas split injector and a DB-5 nonpolar phase capillary column of 30 m 
length. Chromatographic conditions are listed in Table 2. A Hewlett-Packard 3392A  
integrator was used to record chromatograms and calculate peak areas. Analysis by gas 
chromatography/mass spectrometry (GC/MS) of a representative portion of the bulk soil 
column was also performed after the final monitoring sample was collected, to determine 
the long term residual composition of hydrocarbons. GC/MS conditions are listed in Table
3.
Qualitative identification of target analytes primarily involved the retention time 
of peaks as determined in calibration standards. However, retention times were not 
sufficiently reproducible to be relied upon entirely, especially with the large number of 
peaks present in the gasoline and soil extract chromatograms. Peak identification was 
verified by including a small quantity (0.1 ul or less) of calibration standard in the same
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T ab le  2: C hrom atograp h ic  C ond ition s - Gas C hrom atography
Instrument: Gow-Mac Series 750P Gas Chromatograph.
Column: Fused silica capillary, 29.5 m by 0.249 mm i.d., from J&W 
Scientific Co.
Stationary Phase: DB-5 (nonpolar), 0.25 um film thickness.
Detector: Flame ionization detector (FID). H2 flow=60 cm3/min.
Air flow=600 cm3/min.
Data Recorder: Hewlett Packard 3392A integrator.
Carrier gas: Helium, linear velocity=29 cm/sec (calculated from 
methylene chloride peak).
Split Flow: Varied from 10:1 to 30:1 for extracts, 40:1 or more for 
straight gasoline.
Injector Temperature: 250 degrees C.
Detector Temperature: 250 degrees C.
Temperature Program: 42 degrees C for 3 minutes; ramp 10 C/minute to
250 C.
Sample Size: 1.0 ul for extracts.
0.2 ul for straight gasoline.
Instrument Range Setting: 10*9
Attenuation: 1 on instrument, -3 on integrator.
ARTHUB LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 804011
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T ab le  3: C hrom atograp hic C ond ition s - GC/MS
Instrument: Carlo Erba Fractovap 4130 Gas Chromatograph.
Column: Fused silica capillary, 30 m by 0.249 mm i.d., from J&W 
Scientific Co.
Stationary Phase: DB-5 (nonpolar), 0.25 um film thickness.
Detector: Extrel Simulscan Mass Spectrometer.
Mass Scan Settings: 35 to 450 AMU, 500 AMU/sec.
Carrier gas: Helium, linear velocity=26 cm/sec (calculated from 
methylene chloride peak).
Split Flow: 14:1
Injector Temperature: 250 degrees C.
Temperature Program: 45 degrees C for 5 minutes; ramp 4 C/minute to
260 C; hold 10 minutes.
Sample Size: 1.0 ul.
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injection as a previously analyzed gasoline sample. Target analyte peaks could then be 
identified by the increase in peak area. Once identified in a chromatogram of the gasoline, 
it was relatively simple to identify target analytes in the soil extracts by pattern
recognition and the retention times of peaks.
Quantitative analyses were performed by the internal standard method for dodecane 
and methylene chloride solvent extracts, using chlorobenzene as the internal standard. In 
this method, a measured quantity of internal standard was added to the samples with a 
microliter syringe, as well as to the calibration standards. Peak areas of target analytes 
were normalized with the peak area of the internal standard, to correct for variances in 
sample injection technique as well as solvent evaporation. The external standard method
was used to quantify volatile target analytes in the xylene extracts, due to problems with
separation of chlorobenzene from the solvent peak. In this manner, response factors from 
the calibration standard were calculated and applied to peak areas of the sample extract. 
External standard and internal standard methods of quantitative analysis are described in 
detail by Rowland (1974). Calculations of concentrations for standards and sample 
analyses were performed on the spreadsheet program Lotus.
Quality control samples analyzed include solvent blanks, soil blanks, spikes, sample 
duplicates and repeat analyses. Generally one set of quality control samples was prepared 
for each sampling event during the experiment. Soil blanks, however, were only prepared 
once for each solvent used, which established the absence of detectable hydrocarbons in the 
uncontaminated soil.
Carboxvlic Acid Monitoring
As noted in the Introduction, carboxylic acids are intermediate products of hydrocarbon 
oxidation by microorganisms. Specific alkanes are oxidized to the analogous carboxylic 
acid, and then undergo beta-cleavage and further oxidation. A carboxylic acid extraction 
and isolation procedure was developed to confirm the biodegradation of gasoline
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hydrocarbons in the soil column. Soil column samples and associated quality control 
samples were analyzed on 1 day, 39 days, 67 days, and 191 days after addition of gasoline 
to the soil column.
Gas chromatography was the analytical method of choice, due to the capability of 
separating compounds for qualitative analysis. However, organic acids of interest generally 
chromatograph poorly, due to low volatility of the acids and long elution times required. 
For this reason, derivatization of the acid isolates was required, to increase the volatility 
of the acid compounds.
Carboxylic acid methyl esters are widely used for analyses, due to their ease of 
preparation and their good chromatographic qualities. Methyl esters of lower acids, 
however, are subject to losses due to high volatility (Drozd, 1975). Esters can be produced 
by the reaction of a carboxylic acid with an alcohol in the presence of a mineral acid or 
a Lewis acid (Linstromberg and Baumgarten, 1978).
The method for monitoring of carboxylic acids in soil was developed from several 
sources. Organic acids were extracted from approximately 1 g of soil with 8.0 ml of 0.2 
M NaOH solution (after Renberg, 1974). Contact time was 15 minutes with gentle 
agitation. The mixture was centrifuged and the solution decanted. Basic and neutral 
organics were then extracted twice from the solution with 4.0 ml of methylene chloride and 
discarded. The pH of the solution was then lowered with 2.6 ml of 1 N HC1, and 1.0 g 
of NaCl was added to protonate the acid compounds and increase affinity for an organic 
phase. The carboxylic acids were then extracted twice with 3.0 ml of methylene chloride 
(Pelizzari et al., undated) The extract was concentrated by solvent evaporation to 1 ml, 
and derivatized by adding 3.0 ml of BF3-methanol reagent and placing in boiling water for 
two minutes (Metcalfe and Schmitz, 1981). 20 ml of deionized water was added to
decompose excess reagent (Biondi and Cagnasso, 1975), and the resultant methyl esters 
were extracted with 1.0 ml of methylene chloride for GC analysis. Soil was sampled from 
the soil column during three sampling events (1 day, 39 days, and 67 days after gasoline
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addition), and analyzed for carboxylic acids in the manner described above. Method 
blanks, spikes, and soil blanks were also extracted as quality control samples.
Upon completion of the soil column experiment, no carboxylic acid methyl esters had 
been identified in several attempts of the above technique. It was proposed that the 
sample size was too small to detect carboxylic acids from hydrocarbon degradation, if  any 
acids in fact existed. Extraction of the entire soil column material, as well as an 
extraction of the remaining soil blank, was performed as a final attempt to detect 
carboxylic acids and confirm biodegradation of gasoline hydrocarbons.
The following procedure was performed:
1. The column of soil totaling 2109 g was mixed with 2000 ml of 0.8 M NaOH 
solution in a large beaker. Mixing was performed with a metal spoon for 15 minutes, and 
the mixture was allowed to settle for 15 minutes.
2. The alkaline solution was separated from the soil in the following manner. Liquid 
was placed in test tubes with a pipette and centrifuged until a clear supernatant was 
produced. Liquid was removed until only a clay/water slurry remained, which proved 
difficult to collect with a pipette. 250 ml of deionized water was then stirred into the 
beaker, and the liquid removal process was repeated.
3. Weighed quantities of butyric acid, benzoic acid and capric acid were placed 
onto the 656 g soil blank sample, to measure spike recovery of the method. Extraction 
procedure was similar to the process described in steps 1 and 2 above, except that reagent 
quantities were smaller in proportion to the smaller sample size.
4. The supernatant was extracted twice with 200 ml of methylene chloride in a 
4000 ml separatory funnel; the organic phase was then discarded.
5. 150 ml of concentrated (37%) HC1 was added to the solution.
6. 200 g NaCl was added to the solution.
7. The resulting solution was extracted twice with 400 ml of methylene chloride. 
The extracts were combined.
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8. The extract was poured through solvent-rinsed glass wool in order to help 
separate the emulsion.
9. 150 g of anhydrous sodium sulfate was placed over glass wool in a 500 ml 
separately funnel. With the stopcock closed, the anhydrous sodium sulfate was saturated 
with methylene chloride to remove possible organic contaminants. The solvent was drained 
and discarded, and the solvent rinse repeated.
10. The sample extract was drained slowly through the solvent-rinsed anhydrous 
sodium sulfate.
11. The sample extract was placed into a Kuderna-Danish (KD) apparatus with a 
3-ball Snyder column. The sample was evaporated in a 70 degree Celsius water bath, until 
the extract was reduced to approximately 3 ml in volume.
12. The glassware was rinsed with a small amount of methylene chloride, bringing 
the total volume to 5 ml.
13. 2.5 ml of the sample was concentrated by nitrogen blowdown to near-dryness 
in a test tube and derivatized with BF3-methanol. Derivatization was performed by adding
3.0 ml of BF3-methanol, tightly capping the test tube, and placing in boiling water for 3 
minutes.
14. The sample was transferred with 20 ml of deionized water into a 60 ml 
separatory funnel, to decompose the BF3-methanol. The esters were extracted with 
methylene chloride.
15. Extracts from the bulk soil samples were analyzed by gas chromatography/mass 
spectrometiy. Chromatographic conditions are outlined in Table 3.
Bacteria Monitoring
Monitoring of the microbial response to the addition of gasoline in the soil column was 
required to verify the bacterial utilization of gasoline hydrocarbons. Microbiological testing  
for this experiment included bacteria enumerations on nutrient agar, demonstration of the
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presence and quantity of hydrocarbon utilizers in soil, and simplified characterization of 
the bacteria by Gram staining and observations of cell and colony morphology.
Bacteria Enumerations
Soil from the soil column experiment and the soil blank were tested for total 
heterotrophic bacteria 2 days, 18 days, 59 days, and 67 days after the addition of gasoline 
to the soil column. The enumeration technique utilized serial dilutions of the soil 
dispersed in sterile water and spread plate cultures on nutrient (beef broth) agar. It was 
assumed that most, if  not all, heterotrophic soil bacteria would exhibit growth on the 
nutrient agar. The number of viable individuals or clusters of bacteria in the soil was 
deduced from the count of colonies formed on the media after incubation. The sterile 
technique, plating method and counting procedure utilized were derived from Norris and 
Ribbons (1969), and the American Public Health Association (1977).
Preparation of nutrient agar plates involved the mixing of 2.3 g  of a commercial 
formula (BBL Nutrient Agar) with 100 ml of deionized water, and heating the mixture to 
boiling with frequent agitation over a Bunsen burner. The liquified medium was then  
dispensed into 100 ml serum bottles, and sterilized in an autoclave for 15 min at 121 
degrees C. Once sterilized, the mouths of the bottles were plugged with sterile cotton and 
the bottles allowed to cool to 45-50 degrees C. A work area was prepared by swabbing a 
table with 0.2% sodium hypochlorite (Chlorox) solution and allowing the table to dry by 
evaporation. Approximately 10 ml of media was poured into each presterilized, cooled 
glass petri plate. The medium in the plate was then allowed to cool and solidify before 
storing for use.
A soil sample was removed from the soil column with a sterile metal spatula. 
Approximately 1 g was accurately weighed on a tared watch glass and carefully scraped 
into the (sterile) glass canister of an Osterizer blender. 200 ml of sterilized water (cooled 
to room temperature) was added, and homogenized with the soil in the blender.
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Immediately after the blender was stopped, 1.0 ml of the liquid was drawn with a sterile 
pipette and dispensed into a 150 ml serum bottle containing 9 ml of sterile water. This 
10:1 dilution of the original homogenized solution was agitated by hand to mix thoroughly; 
subsequent serial dilutions were similarly made. A sterile, graduated 1.0 ml pipette was 
used to dispense 0.2 ml of each dilution onto a nutrient agar plate. Replicate plates of 
each dilution were prepared. The dispensed liquid was carefully spread across the agar 
surface with a sterile, bent glass rod to ensure even distribution across the plate.
Inoculated plates were then incubated for three days at 30 degrees C. Sufficient 
serial dilution of the solution was required to produce 30 to 300 bacterial colonies on a 
plate. The number of colonies was counted after three days of incubation, and the total 
number of colony forming units (CFU) per gram of soil was calculated from the colonies 
per plate, the volume dispensed on the plate, the dilution, and the original sample weight.
Hydrocarbon Utilizers
Demonstrations of the presence of hydrocarbon utilizers in the gasoline contaminated 
soil were performed 18 days and 73 days after the addition of gasoline to the soil column. 
Hydrocarbon utilizing bacteria have been shown to grow on mineral salts media in the 
presence of volatile hydrocarbons as a carbon source (Raymond et al., 1967). Gasoline was 
utilized as the volatile carbon source in the technique described below.
A mineral salts solution was prepared from the following chemicals (after Raymond 
et al., 1976):
0.40 g KH2P 0 4 
0.60 g  Na2H P 04 ■ 7H20
1.00 g  NH4N 0 3 
0.20 g  MgCl2 • 6H2O 
0.10 g  N aH C 03 
0.01 g  CaCl2
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0.02 g M nS04 • H20  
0.01 g F eS 04 • 7H20  
1000 ml deionized water 
Mineral salts medium was prepared by mixing 1.5% agar into the above solution and 
heating to a boil over a Bunsen burner. The medium was checked to be neutral (pH=7) 
with litmus paper prior to autoclaving. Sterile, autoclaved medium was poured into sterile 
petri plates and allowed to cool.
The mineral salts medium was inoculated by serial dilutions of a soil sample 
homogenized with sterile water in a blender. Quadruplicate plates were prepared for each 
dilution; 0.2 ml of the dilution was dispensed onto the plate and spread over the agar with 
a sterile, bent glass rod. Two of the plates were placed in a glass, vacuum-type desiccator 
containing a small beaker with about 20 ml of gasoline. The other two plates of the same 
dilution were control plates, and were placed in a vacuum-type desiccator without gasoline. 
The desiccators were placed in an incubator for 15 days at 30 degrees C. Hydrocarbon 
utilization was demonstrated by growth in the gasoline-exposed plates that exceeded growth 
in the control plates.
Bacteria Characterization
Bacteria characterization was performed on bacteria collected 59 days and 67 days 
after the addition of gasoline to the soil column. Some fairly simple characteristics of the 
soil column bacteria were noted and compared with the blank soil bacteria. Nutrient agar 
cultures were used. Observations of colony morphology included descriptions of color, 
consistency, shape, size and nature of the colony edge.
Smears from discrete colonies of bacteria were fixed onto glass slides with heat 
treatment. Following Gram staining of the fixed cells, the Gram reaction and cell shape, 
size and clustering were observed under oil immersion with a phase-contrast microscope. 




The results of hydrocarbon monitoring of gasoline and gasoline-contaminated soil are 
listed in the tables within Appendix A. Some of the hydrocarbon data are presented 
graphically by plotting analyte concentrations with time, as shown in Figure 5. Although 
an overall removal of gasoline components with time is indicated, it is also evident that 
individual compound concentrations may apparently increase over certain time periods. 
The concentration of MTBE increased from 81 ug/g in Port 3, to 190 ug/g in Port IB 
sampled 15 days later. This suggests that considerable variance exists within the 
hydrocarbon distribution in the soil column. It is likely that the original distribution of 
gasoline in the soil also exhibited this high variance.
Relatively high variance in hydrocarbon concentration within the soil column is 
confirmed by the results of duplicate sampling. The m-xylene and p-xylene concentrations 
from two samples collected from the same sample port (Port 5B) varied from 127 to 310 
ug/g. Variations in hydrocarbon concentrations within the soil column may be caused by 
local variations in soil porosity, which would affect the quantity of gasoline originally 
entrapped in the soil, as well as the access of oxygen to soil bacteria.
In order to minimize the effect of system variance on the analysis of hydrocarbon 
results, further data presentation and discussion will involve only the baseline (1 day after 
gasoline addition) and final (67 days after gasoline addition) sampling events. Samples 
were obtained from ports located at equal heights on the column for both sampling events 
(Ports 1A and IB; Ports 5A and 5B). Since the system design involved soil loading in even 
layers during the initiation of the experiment, it is expected that soil variations within the 
same column height will be less than variations between different column heights.
In order to evaluate the possibility of volatilization from soil, the analyte 
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pressure. Figure 6 is a concentration vs. vapor pressure plot of the gasoline product used 
to saturate the soil column. As this graph and Table A -l indicate, the target analyte with 
the greatest concentration in the gasoline is MTBE. This is consistent with the display 
of "11% MTBE added” noted at the time of purchase of the gasoline. This gasoline product 
also contained over 1 percent each of the C5 to C8 normal alkanes, benzene, toluene, 
ethylbenzene and the xylenes. Lesser concentrations of C9 to C16 normal alkanes and 
naphthalene are also noted.
Figure 7 presents the concentration vs. vapor pressure plot of the baseline or initial 
soil analyses. Little variation in the relative analyte distribution from the gasoline product 
is exhibited. This suggests that little or no preferential concentration or depletion of 
individual analytes occurred during the initial saturation with gasoline and the draining 
process. Generally lower concentrations of hydrocarbons were measured in samples from 
the bottom port (Port 5A) than from the top port (Port 1A). It was also observed that the 
lowermost soil was wetter and more nearly saturated than all of the higher portions of the 
column. It is likely that the increased moisture of the soil near the lowest port resulted  
in less pore space available for gasoline entrapment, and consequently less total target 
hydrocarbon concentrations than from soil near the upper port. The concentrations of Cn 
to C17 normal alkanes and naphthalene were not measurable in the baseline analyses due 
to interference with the dodecane solvent peak.
Figure 8 presents the concentration vs. vapor pressure plot of the final quantitative 
soil analyses, sampled 67 days after gasoline addition to the soil. The C5 to C8 normal 
alkanes and the compounds benzene, toluene, and ethylbenzene were significantly depleted 
from the soil at this time. MTBE and o-xylene were much less depleted. It is interesting  
to note that all of the volatile compounds with vapor pressure greater than that of m- 
xylene and p-xylene were significantly depleted, with the exception of MTBE. Since MTBE 
is a very volatile compound (vapor pressure = 245 mm Hg at 25 degrees Celsius) and was 
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removal of volatile petroleum hydrocarbons. However, the results may also be explained 
by volatile removal of target analytes, with persistence of MTBE due to preferential 
adsorption to soil.
The results of the final sampling event suggest that the lower portion of the soil 
column (with visibly higher moisture content) exhibited less depletion of hydrocarbons 
than the upper, well-drained portion of the column. Considerably less MTBE was 
measured in the upper, well-drained soil of the column than in the wet, lower soil, which 
is reversed from the relatively low concentrations measured in the w et soil during the 
initial sampling event. Also, MTBE concentrations from the lower port during the final 
sample event are comparable to concentrations in the lower port from the initial sample 
event. Similarly, it appears that very little m-xylene and p-xylene were removed from the 
lower, w et soil during the experiment, while the well-drained soil showed significant 
depletion of m-xylene and p-xylene. This observation may be related to oxygen depletion 
in the bottom of the soil column, or to a lack of gas-filled pore space due to high water 
content.
The compounds o-xylene, C9 to C1S normal alkanes, and naphthalene exhibited no 
significant depletion during the experiment. Although analysis of the Cn to C16 alkanes 
and naphthalene was not performed during the baseline sampling event, it is apparent 
from the Port 2 and Port 3 data (see Table A-2) that little, if  any, depletion of these 
hydrocarbons occurred over the 67 day monitoring period.
The qualitative test of condenser efficiency was completed after sampling the final 
quantitative soil sample from the soil column. At the time that gasoline was introduced 
into the soil column, a flask containing gasoline was fitted with a water-cooled condenser 
of similar size as used on the soil column. After 70 days, 51 ml of the original 250 ml of 
gasoline in the flask had evaporated.
After completion of the hydrocarbon monitoring, the soil column was qualitatively 
analyzed for residual hydrocarbon compounds. A representative portion of the bulk column
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soil was extracted with methylene chloride 190 days after introducing the gasoline into the 
soil column, and analyzed by GC/MS. The compounds m-xylene and p-xylene, o-xylene, 
and ethylbenzene were detected; no other compounds of higher volatility were detected. 
MTBE was not identifiable due to an interference with the solvent peak. Nitrogen 
blowdown was then used to concentrate the extract, and GC/MS analysis was repeated. 
The target compounds Cn to C15 normal alkanes and naphthalene were detected. 
Numerous non target peaks were also detected in the concentrated extract, and were 
tentatively identified by matching sample peak mass spectra with library spectra from the 
EPA/NBS/NIOSH database. These nontarget compounds were tentatively identified as 18 
separate C3- to C6-alkyl substituted benzene compounds, five separate dime thy lindene or 
methyltetrahydronaphthalene isomers, and two methylnaphthalene isomers.
In summary, it is apparent that there was preferential removal of certain hydrocarbon 
compounds from the soil column. Generally, hydrocarbons more volatile than m-xylene and 
p-xylene were preferentially removed, while less volatile compounds tended to persist in the 
soil. M-xylene and p-xylene were depleted from the well-drained soil in the soil column 
but were not significantly removed from the lower, wetter soil. The hydrocarbon results 
would be consistent with volatilization removal, except for the persistence of the volatile 
gasoline additive MTBE. Since MTBE is volatile and persistent, it  is possible that a 
removal process other than volatilization was active in the soil column. However, 
preferential adsorption of MTBE onto soil surfaces and consequent reduction of volatile 
removal is another possible explanation for the MTBE persistence.
Quality Control
Hydrocarbon analysis quality control included one solvent blank and one soil spike for 
each solvent type used in each sampling event, and one duplicate sample and one repeat 
analysis for each sampling event. Results of the soil spikes and repeat analyses are 
included in Table A-2. Dodecane and o-xylene solvent blanks contained no contaminants,
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while the methylene chloride blanks persistently exhibited a peak that coelutes with 
benzene. The apparent benzene contamination also occurred in samples extracted with 
methylene chloride. Therefore, the results for benzene in methylene chloride extracts listed 
in Table A-2 are invalid. Benzene results presented in Figures 6, 7, and 8 were obtained 
from the o-xylene extracts.
Spike recoveries are also presented in Table A-2. Spike recoveries ranged from 88% 
to 110% for different compounds in the dodecane extracts, excluding the compounds 
pentane and decane. Low recoveries for pentane were associated with evaporative loss, 
while decane recovery was diminished by poor separation from the dodecane solvent peak. 
Later sampling events were performed by extracting soil samples with o-xylene for volatile 
compounds, and with methylene chloride for less volatile compounds. For these later 
samples, spike recoveries ranged from 6% to 82% for the compounds analyzed by o-xylene 
extraction. Here again, low recoveries were found with pentane, due to volatilization, and 
with toluene and octane due to poor separation from the o-xylene solvent peak. Spike 
recoveries ranged from 4% to 90% for the compounds analyzed by methylene chloride 
extraction. Low recoveries of toluene and octane in the methylene chloride extracts are 
associated with evaporative loss during the nitrogen blowdown concentration process. 
Although the low recoveries of pentane, toluene and octane certainly affect the data quality 
for these three compounds, the magnitude of the problem cannot entirely account for the 
significant depletion of these compounds from the soil column.
Carboxvlic Acids Monitoring
Soil from the soil column experiment, as well as the blank soil, were analyzed for 
carboxylic acids by isolating the acids with a base/acid extraction procedure, derivatizing 
with BF3-methanol and analyzing the extract by gas chromatography. Small samples of 
soil (1 to 3 g) were analyzed during the same time as hydrocarbon analyses. However, no 
carboxylic acids were detected during this monitoring, and so at the completion of the 
experiment, the entire contents of the soil column (2100 g  of soil) was extracted,
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concentrated by solvent evaporation, derivatized and analyzed by GC/MS. This bulk 
extract contained numerous straight chain, branched, and alkyl-aromatic carboxylic acid 
methyl esters at concentrations well below the detection limits of the previous GC analyses, 
as discussed below. The remaining quantity of blank soil (656 g) was also extracted and 
analyzed for carboxylic acids for quality control.
Appendix B contains data pertinent to the carboxylic acids analyses. Table B -l is a 
list of carboxylic acid spike recoveries from the soil samples analyzed for this experiment. 
Recoveries are minimal for the volatile C3 to C4 fatty acids. Recovery of less volatile, 
higher molecular weight fatty acids typically range from 2% to 20%. From the results of 
the spike concentrations and recoveries, it can be generalized that the method detection 
lim it for less volatile (C5 and higher) fatty acids is approximately 10 to 20 ug/g for small 
sample sizes (1 to 3 g). Spike recoveries in the bulk soil analyses are comparable to 
recoveries in the smaller monitoring samples. The spike recoveries indicate that the 
method for carboxylic acids analysis in soils is largely qualitative in nature, and fails to 
recover volatile (Ca to C4) carboxylic acids.
Sample contamination was evident in blank samples from most of the monitoring 
samples. Samples of the blank, spike and soil column from the first sampling event all 
exhibited numerous peaks attributable to contamination from the final solvent used for 
extract preparation. Likewise, peaks in the blank sample of the third sampling event 
coincided with peaks in the soil samples. This contamination is believed to be associated 
with the sodium hydroxide or hydrochloric acid reagents used for carboxylic acid 
extractions. The bulk blank soil extract (fourth sampling event) was concentrated to a 
much greater degree than the previous samples, and yet exhibited no peaks other than the 
spike compounds. New solutions of NaOH and HC1 reagent were used for this bulk 
extraction. The lack of peaks in the blank soil extract indicates that natural 
concentrations of carboxylic acids in the soil were not detectable by this method.
Numerous peaks were identified by GC/MS in the final bulk soil column extraction.
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Initial evaluation of spectra indicated that both methyl esters and aromatic hydrocarbon 
peaks were present. Hydrocarbon peaks were identified and screened from further 
consideration as described below. A representative 3.29 g sample of the bulk column soil 
was previously extracted with methylene chloride, and analyzed by GC/MS to identify 
residual hydrocarbons in the soil. Identification and screening of hydrocarbon peaks in the 
bulk soil column extract was achieved primarily by matching retention tim es with 
hydrocarbon peaks from the methylene chloride extract. Both samples were analyzed 
under the same chromatographic conditions. Peaks assigned to hydrocarbon compounds 
were confirmed by comparing peak spectra from the bulk soil column extract with spectra 
from the methylene chloride extract. Once the hydrocarbon peaks were screened, the 
remaining peaks in the carboxylic acid extract were assumed to be methyl esters.
Identification of the methyl ester compounds was performed by comparison with a 
chromatogram of a few known methyl ester compounds, and by matching peak spectra with 
library spectra from the EPA/NBS/NIOSH database. A total ion chromatogram was 
available from independent research that was analyzed by GC/MS under the same 
instrum ent conditions. These data provided retention times for methyl esters of n- 
pentanoic acid, 3-methylpentanoic acid, 4-methylpentanoic acid, benzoic acid, phenylacetic 
acid, toluic acid, benzenepropanoic acid, decanoic acid and dodecanoic acid, and was used 
as a qualitative standard. Chromatographic and molecular ion data were used to narrow 
the search in the m ass spectral library. Library spectra with the best fit to the sample 
spectra were chosen, as visually determined from difference plots. The m ass spectra of the 
sample peaks, the library matches, and the difference plots are presented in Appendix B, 
as well as the total ion chromatogram for the bulk soil column extract.
The carboxylic acid methyl esters identified in the soil column extract are presented 
in Table 4. The presence of n-pentanoic acid and benzoic acid methyl esters is positively 
confirmed by the retention times of these compounds in the qualitative standard. The 
confidence of identification of other compounds is noted as ''low" in those cases where
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Table 4: Methyl Esters identified by GC/MS in Soil Column.





355 Methyfbutanoic acid methyl ester 0.03 Low
466 n-pentanoic acid methyl ester 0.03 High; confirmed
758 n-hexanoic acid methyl ester 0.04
with standard 
High
833 Dimethylpentanoic acid methyl ester 0.009 Low
912 4-oxoheptanoic acid methyl ester 0.02 Low
1067 Methylhexanoic acid methyl ester 0.01 Low
1208 5-methylhexanoic acid methyl ester 0.03 High
1277 Benzoic acid methyl ester 0.1 High; confirmed
1368 n-octanoic acid methyl ester 0.04
with standard 
High
1518 2-methylbenzoic acid methyl ester 0.08 High
1592 4-methylbenzoic acid methyl ester 0.08 High
1613 Unknown methyl ester, moi.wt.=164 0.07 None
1838 alpha-methylbenzeneacetic acid methyl ester 3 High
1889 3,4-dimethylbenzoic acid methyl ester 0.1 High
1980 4-ethylbenzoic acid methyl ester 0.08 High
2015 Methylbenzenepropanoic acid methyl ester 0.3 Low
2060 2,4,6-trimethylbenzoic add methyl ester 0.6 High
2079 2,4,6-trimethylbenzoic acid methyl ester (isomer) 0.03 Low
2116 alpha-ethylbenzeneacetic acid methyl ester 0.02 Low
2258 alpha,alpha,2-trimethylbenzeneacetic acid methyl ester 0.04 Low
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identification from the mass spectral library is less than fully confident. Other compounds 
are more confidently identified based on the spectral matches with library compounds, and 
are designated with a "high" confidence of identification. Concentrations of the methyl 
esters were calculated from the chromatographic peak areas and the response factor (peak 
area/concentration) from a 400 mg/1 benzoic acid methyl ester standard.
A variety of alkyl-substituted monoaromatic acids and short (C5 to C8) normal and 
branched acids were detected in the soil column. Most of the compounds were present in 
concentrations ranging from 0.009 ug/g to 0.1 ug/g, which is well below the detection lim it 
of the method used for previous carboxylic acids monitoring. The detection of carboxylic 
acids in the gasoline contaminated soil of the soil column, and the absence of acids in the 
bulk blank soil, implies that the carboxylic acids are products of microbiological oxidation 
of gasoline hydrocarbons in the soil.
A  relatively high concentration (3 ug/g) of alpha-methylbenzeneacetic acid was 
identified in the soil column. Since the concentration of this compound is one to two 
orders of magnitude higher than other acids, it seems likely that alpha-methylbenzeneacetic 
acid was accumulating in the soil column. This may be due to the highly branched nature 
of this compound, and subsequent resistance to further beta-oxidation by microbes. The 
likely origin of this compound is from terminal oxidation of the analogous hydrocarbon, 1- 
methylethylbenzene. Similarly, a methylbenzenepropanoic acid compound and a 
trimethylbenzoic acid isomer were measured at 0.3 ug/g and 0.6 ug/g, respectively. All 
other carboxylic acid methyl esters detected in the soil column were at concentrations of 
0.1 ug/g or less. The detection limit of this method is estimated to be 0.001 ug/g, based 
upon a judgement of the minimum peak area that was clearly discernible in the total ion 
chromatogram.
As mentioned in the discussion of hydrocarbon monitoring results, the soil column at 
the time of this analysis contained residual C2- to C6-alkyl substituted benzene 
hydrocarbons. Similarly, the aromatic acids identified are benzoic acid to C4-alkyl
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substituted benzoic acids. The aromatic acids appear to be analogues of the residual 
aromatic hydrocarbons remaining in the soil, and hence may be products of microbial 
degradation ongoing at that time. However, the large concentration of alpha- 
methylbenzeneacetic acid is more indicative of acid accumulation in the soil, as previously 
mentioned, since no comparable accumulation of an analogous hydrocarbon was identified.
The relationship of straight and branched chain carboxylic acids detected in the soil 
column with residual alkanes in the soil differs significantly from the aromatics. While 
C8 to C8 acid methyl esters were identified in the carboxylic acid extract, only Cn to C15 
normal alkanes were identified in the hydrocarbon extract. A possible explanation for the 
lack of carboxylic acids analogous to the residual alkanes in the soil is that initial alkane 
oxidation is followed very rapidly by beta-oxidation to lower molecular weight acids. It is 
also significant to note the occurrence of straight-chain carboxylic acids, rather than 
branched acids only, since straight chain compounds are considered to be more easily  
degraded by microbes. This observation also suggests that the carboxylic acid composition 
of the soil is reflecting degradation of the residual hydrocarbons present, rather than 
accumulations in the soil with time.
Bacteria Monitoring
Heterotrophic soil bacteria were enumerated on nutrient agar media as a monitor of 
microbial response to gasoline in the soil column. A blank soil (no gasoline added) was
also enumerated on nutrient agar as a basis for comparison. The results of the
heterotrophic bacteria monitoring are listed in Table C -l, and presented graphically in 
Figure 9.
Soil microbes survived the initial inundation of gasoline, as shown by the enumeration 
results, with a small decrease in population size. The microbial population increased in
size by an order of magnitude (to 330 million colony forming units per gram soil)













oi^  c w — >* O o c/l Q O 
—  CD
C _C O




01 —  
£  o <  cn







ARTHUR LAKES LIBRARY 































subsequently declined. The results shown in Figure 9 are consistent with expected 
microbial growth on a substrate in a closed system, represented by a growth phase 
followed by population decrease as substrate is diminished. Enumeration results of the 
blank soil maintained relatively constant during the same time period.
Duplicate plate counts showed generally reproducible results. Sterile water blanks 
indicated that adequate sterile technique was performed, except for the second sampling 
event. The results of the second sampling event are believed to still be valid, since the 
contaminating colonies on the blank were morphologically distinct from bacteria of the soil 
dilutions, and were not included in the soil plate counts.
In the first and final sampling events, both the top port and the bottom port were 
sampled and enumerated. The top ports (Ports 1A and IB) yielded consistently higher 
enumeration results than the bottom ports (Ports 5A and 5B), which is probably related 
to the increased aeration of the top and middle portions of the soil column, as compared 
to the nearly saturated bottom portion of the column. The results of the top port were 
used in Figure 9 to provide continuity of the data.
The hydrocarbon utilizing bacteria also increased in population size during the 
experiment, as demonstrated by two sampling events. Results of hydrocarbon utilizing  
bacteria monitoring are listed in Table C-2 of Appendix C, and presented graphically in 
Figure 10. Little difference in population size between the soil column and the blank soil 
was evident 18 days after gasoline addition to the soil. Approximately 300 million colony 
forming units per gram soil (CFU/g) of hydrocarbon utilizing bacteria were measured in the 
soil column 73 days after addition of gasoline. Growth of the soil bacteria population on 
the gasoline substrate is confirmed by the blank soil results, which indicated two orders 
of magnitude less hydrocarbon utilizers than the soil column.
Growth of bacteria from the soil column on mineral salts agar in the absence of 
gasoline resulted in low bacteria counts (8 million CFU/g soil), verifying that gasoline 




















































column. The results of heterotrophic and hydrocarbon utilizing bacteria enumerations 
suggest that the soil bacteria population responded to gasoline addition by growth on the 
gasoline hydrocarbon substrate. Degradation of gasoline hydrocarbons as a result of this 
growth is a logical conclusion.
Bacteria Characteristics
Selective survival of certain microbes was visually apparent from the nutrient agar 
plates of the soil column and blank soil. Cultures from the soil column exhibited 
considerably less morphological diversity than the cultures from the blank soil. The 
decrease in morphological diversity was apparent in the first sampling event after addition 
of gasoline. The colonies plated from the gasoline contaminated soil column typically were 
circular in shape, with a smooth, glistening texture. The colors of these colonies were 
typically white, yellowish, or white with pink centers.
Table C-3 in Appendix C lists specific colony and cell characteristics of both blank soil 
cultures and soil column cultures. The soil column bacteria are typically Gram-negative 
cocci and short rods. Blank soil bacteria are both Gram-negative and Gram-positive, and 
range in cell morphology from short rods to long rods in chains. Blank soil colonies are 
generally quite varied in shape and texture, unlike the fairly consistent soil column 
bacteria colonies.
Characteristics of cultures from the gasoline contaminated soil column have been 
compared with characteristics of the most frequently reported hydrocarbon utilizing bacteria 
in soils, as reported by Bossert and Bartha (1984). Bergey’s Manual of Systematic 
Bacteriology (1984) was used as the principal reference of bacteria characteristics. It is 
clear that definitive assignment of genus classifications to the cultures cannot be made 
based upon the limited data collected. However, several genera can be eliminated as 
possibilities. The characteristics of the soil column bacteria cultures are consistent with 
the genera Alcaligenes. Pseudomonas. Xanthomonas. and Flavobacterium.
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CONCLUSIONS
The soil column experiment described in this report was intended to simulate the 
conditions of a subsurface sandy soil that has been inundated with gasoline due to the 
rising and falling of the water table and subsequent entrapment of floating gasoline. The 
microbiological tests indicated that the soil bacteria present were capable of surviving the 
initial saturation with free gasoline. Microbial diversity was quickly reduced in the soil, 
and eventually (after 1 or 2 months) select species of bacteria increased in population size 
by an order of magnitude. Lack of comparable growth in the blank soil suggests that the 
soil column bacteria were utilizing the gasoline as a source of carbon and energy. 
Enumeration of a comparably high number of bacteria on mineral salts agar with a 
gasoline vapor carbon source confirms the growth of soil bacteria on the gasoline substrate. 
Microbial activity, as measured by enumerations on nutrient agar, was highest in the well- 
aerated, well-drained portions of the soil column, and was lower in the wetter, more 
saturated portion of the column. This suggests that oxygen diffusion is a potentially 
lim iting growth factor in soils located within the capillary fringe of the water table.
Oxidation of hydrocarbons in the soil is further confirmed by the detection of various 
straight chain, branched chain and alkyl aromatic carboxylic acids in the soil column. An 
abiotic origin of these oxidation products is possible but highly unlikely, based upon the 
lack of reports of this pathway from other authors, and in light of the enhanced level of 
microbial activity measured in the column. The identification of carboxylic acids further 
suggests microbial oxidation and degradation of gasoline hydrocarbons. Most of the acids 
identified were analogous to residual hydrocarbon compounds present in the soil, suggesting 
products of oxidation ongoing at the time of analyses. However, a few compounds, such 
as alpha-methylbenzeneacetic acid, an isomer of 2,4,6-trimethylbenzoic acid, and a 
compound similar to methylbenzenepropanoic acid, were more highly concentrated and may 
have been accumulating in the soil with time. These compounds have a highly branched
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structure, which may be hindering further beta-oxidation of the compound.
The hydrocarbon monitoring results tend to disprove the hypothesis that 
biodegradation of gasoline in soils leads to a relative depletion of alkanes as compared with 
aromatics. Instead, the data suggest that the more volatile hydrocarbons such as pentane, 
hexane, benzene, heptane, toluene, octane, ethylbenzene, and m-xylene and p-xylene are 
preferentially degraded as compared to o-xylene, the C9 to C16 normal alkanes, and 
naphthalene. The gasoline additive MTBE is also persistent in soil. The presence of 
persistent MTBE, which is a very volatile compound, may suggest that some process other 
than volatilization is responsible for the removal of the volatile hydrocarbons. That process 
is probably biodegradation, based upon the high level of microbial activity measured and 
the detection of carboxylic acid oxidation products. However, the results may also be 
explained by volatile removal of target analytes, with persistence of MTBE due to 
preferential adsorption to soil. MTBE is a polar compound that will likely be more 
strongly adsorbed to soil than alkanes and aromatics, and consequently may not be 
volatilized to the same extent as alkanes and aromatics.
An alternative hypothesis is offered for the chemical changes of gasoline that resulted  
from biodegradation in the laboratory system. Gasoline is a volatile organic mixture, 
containing a large proportion of volatile compounds that exhibit solvent-type toxicity to 
microbes when present in liquid form. The primary pathway for alkane oxidation in a 
granular, well-drained soil may begin with volatilization of the compound, followed by 
microbial utilization. As soon as a molecule of a compound is utilized by microbes, another 
molecule evaporates from the residual gasoline to replace it, and the cycle continues. This 
vapor-phase utilization of hydrocarbons was also demonstrated by the enumerations of 
hydrocarbon utilizing bacteria. Due to the excess of these volatile compounds in gasoline, 
the microbes that survive and grow in the gasoline contaminated soil may be conditioned 
to preferentially utilizing volatile organic substrates. Since the soil column was effectively 
closed to outside sources of diverse bacteria types, only the volatile-accustomed bacteria
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could thrive, and the heavier, less volatile hydrocarbon compounds persisted.
It is also apparent from this experiment that the gasoline additive MTBE, which is 
blended into gasoline to lessen air pollution problems, could become a significant 
groundwater contamination problem based upon the observed persistence of MTBE in the 
soil column. Observations reported by Garrett et al. (1986) on widespread MTBE plumes 
in groundwater at gasoline contaminated sites have been attributed to the relatively high 
water solubility of MTBE as compared to hydrocarbons. However, data from this 
experiment suggest that widespread MTBE may also be attributed to resistance to 
biodegradation. The resistance of MTBE to biodegradation is consistent with reports from 
the U.S. EPA (1987) of the lack of MTBE biodegradation in activated sludge.
T-3831 59
REFERENCES CITED
American Public Health Association. 1977. Standard Methods for the Examination of 
Water and W astewater. 14th ed.
Atlas, R. M., ed. 1984. Petroleum microbiology. New York: Macmillan Publishing.
Atlas, R. M. 1981. Microbial degradation of petroleum hydrocarbons: an 
environmental perspective. Microbiological Reviews 45 (1): 180-209.
Bailey, P. S. Jr., and A. Bailey. 1981. Organic chemistry: a brief survey of concepts 
and applications. Boston: Allyn and Bacon. 2nd ed.
Biondi, P. A., and M. Cagnasso. 1975. A procedure for boron trifluoride-catalyzed 
esterification suitable for use in gas chromatographic analysis. Journal of 
Chromatography 109: 389-392.
Bland, W. F., and R. L. Davidson, eds. 1967. Petroleum processing handbook. New  
York: McGraw Hill.
Bossert, I., and R. Bartha. 1984. The fate of petroleum in soil ecosystems. Chapter 
10 in: Petroleum microbiology. Ed. R.M. Atlas. New York: Macmillan 
Publishing.
Briton, L. N. 1985. Feasibility studies on the use of hydrogen peroxide to enhance 
microbial degradation of gasoline. American Petroleum Institute Publication 
4389.
Cemiglia, C. E. 1984. Microbial transformation of aromatic hydrocarbons. Chapter 3 
in Petroleum microbiology. Ed. R.M. Atlas. New York: Macmillan Publishing.
Cretney, W. J., C. S. Wang, D. R. Green, and C. A. Bawden. 1978. Long-term fate of 
a heavy fuel oil in a spill-contaminated British Columbia coastal bay. J.Fish. 
Res. Board. Can. 35 (5): 521-527.
Davis, J. B. 1967. Petroleum microbiology. Amsterdam: Elsevier Publishing.
Dietz, D. N. 1980. The intrusion of polluted water into a groundwater body and the 
biodegradation of a pollutant. In: Proceedings of the national conference on 
control of hazardous material spills 236-244. Nashville: Vanderbilt University.
Drozd, J. 1975. Chemical derivatization in gas chromatography. Journal of 
Chromatography 113: 303-356.
Dunn, B. 1987. Age-dating (weathering) of gasoline. Unpublished document and 
personal communication, Colorado Dept, of Health.
Eastcott, L., W. Y. Shiu, and D. Mackay. 1989. Modeling petroleum products in soils. 
Chapter 6 in: Petroleum contaminated soils, volume I. Eds. P.T. Kostecki and 
E.J. Calabrese. Chelsea, MI: Lewis Publishers.
T-3831 60
Fusey, P., and J. Oudot. 1984. Relative influence of physical removal and
biodegradation in the depuration of petroleum-contaminated seashore sediments. 
Marine Pollution Bulletin 15 (4): 136-141.
Garrett, P., M. Moreau, and J. D. Lowry. 1986. Methyl tertiary butyl ether as a
ground water contaminant. In: Proceedings of the petroleum hydrocarbons and 
organic chemicals in ground water conference. NWWA-API.
Goldsmith, C. D., K. D. White, J. T. Novak, and R. E. Benoit. 1985. Biodegradation of 
the alcohol components of gasoline in groundwater aquifers. In: Proceedings of 
the American Water Works Association Annual Conference 421-434.
Guthrie, V. BM ed. 1960. Petroleum products handbook. New York: McGraw Hill.
Hoag, G. E., and M. C. Marley. 1986. Gasoline residual saturation in unsaturated  
uniform aquifer materials. Journal of Environmental Engineers 112 (3): 586- 
604.
Horowitz, A., and R. M. Atlas. 1977. Continuous open flow-through system as a model 
for oil degradation in the Arctic Ocean. Appl. Environ. Microbiol. 33: 647-653.
Jamison, V. M., R. L. Raymond, and J. O. Hudson. 1975. Biodegradation of high
octane gasoline in groundwater. In: Developments in Industrial Microbiology.
16: 305-312. Ed. L.A. Underkofler.
Jamison, V. M., R. L. Raymond, and J. O. Hudson. 1976. Biodegradation of high  
octane gasoline. In: Proceedings of the 3rd international biodegradation 
symposium. Eds. J.M. Sharpley and A.M. Kaplan. London: Applied Science 
Publishers.
Kappeler, T., and K. Wuhrmann. 1978a. Microbial degradation of the water soluble 
fraction of gas oil - I. Water Research 12: 327-333.
Kappeler, T., and K. Wuhrmann. 1978b. Microbial degradation of the water soluble 
fraction of gas oil - II. Bioassays with pure strains. Water Research 12: 335- 
342.
Krieg, N. R., and J. G. Holt, eds. 1984. Bergev’s manual of systematic bacteriology. 
Baltimore: Williams & Wilkins.
Kurbskii, G. P., A. I. Bogdanchikov, and V. V. Abushaeva. 1983. Character of the 
modification of the individual hydrocarbon composition of gasoline fractions of 
petroleum in biodegradation. Geokhimiva 2: 294-301 (Soviet).
Linstromberg, W. W., and H. E. Baumgarten. 1978. Organic chemistry: a brief course. 
4th ed. Lexington, MA: D.C. Heath.
Litchfield, J. H., and L. C. Clark, 1973. Bacterial activity in ground waters containing 
petroleum products. American Petroleum Institute Publication 4211.
Matisova, E., J. Krupcik, P. Cellar, and A. Kocan. 1985. Quantitative analysis of 
hydrocarbons in gasolines by capillary gas-liquid chromatography - II.
Isothermal and temperature-programmed analyses. Journal of Chromatography 
346: 177-190.
T-3831 61
McKee, J. E., F. B. Laverty, and R. M. Hertel. 1972. Gasoline in groundwater. «L 
Water Pollut. Control Fed. 44 (2): 293-302.
Metcalfe, L. D., and A. A. Schmitz. 1961. The rapid preparation of fatty acid esters 
for gas chromatographic analysis. Analytical Chemistry 30 (3): 363-364.
Norris, J. R., and D. W. Ribbons, eds. 1969. Methods in microbiology. Volume 1. New  
York: Academic Press.
Novak, J. J., C. D. Goldsmith, R. E. Benoit, and J. H. O’Brien. 1985. Biodegradation 
of methanol and tertiary butyl alcohol in subsurface systems. Water Sci. 
Technol. 17 (9): 71-85.
Patai, S., J. Zabicky, and Z. Rappoport. 1971. Physical constants of organic 
compounds. Table in: Handbook of chemistry and physics. 52nd ed.
Cleveland: Chemical Rubber Co.
Pellizzari, E. D., L. S. Sheldon, J. T. Bursey, L. C. Michael, and R. A. Zweidinger.
Undated. Master analytical scheme for organic compounds in water. Part I: 
Protocols. Environmental Research Laboratory, U.S. Environmental Protection 
Agency, Athens, GA.
Prince, A. E. 1960. Microbiological sludge in jet aircraft fuel. In: Developments in 
Industrial Microbiology 2: 197-203.
Pritchard, P.H., R.M. Ventullo, and J.M. Suflita. 1976. The microbial degradation of
diesel fuel in multistage continuous culture systems. In: Proceedings of the 3rd 
international biodegradation symposium. Eds. J.M. Sharpley and A.M. Kaplan. 
London: Appilied Science Publishers.
Raymond, R. L., V. W. Jamison, and J. O. Hudson. 1967. Microbial hydrocarbon co­
oxidation. I. Oxidation of mono- and dicyclic hydrocarbons by soil isolates of the 
genus Nocardia. Applied Microbiology 15 (4): 857-865.
Raymond, R. L., V. W. Jamison, and J. O. Hudson. 1976. Beneficial stimulation of 
bacterial activity in groundwater containing petroleum products. AJChE 
Symposium Series 73 (166): 390-404.
Renberg, L. 1974. Ion exchange technique for the determination of chlorinated phenols 
and phenoxy acids in organic tissue, soil, and water. Analytical Chemistry 46 
(3): 459-461.
Roubal, G. E., A. Horowitz, and R. M. Atlas. 1979. Disappearance of hydrocarbons 
following a major gasoline spill in the Ohio River. In: Developments in 
Industrial Microbiology 20: 503-507.
Rowland, F. W. 1974. The practice of gas chromatography. 2nd ed. Avondale, PA: 
Hewlett-Packard.
Ryding, J. M. 1985. Characterization of a static trapping technique for the analysis of 
soil and groundwater contamination. Masters thesis, Colorado School of Mines, 
Golden, CO.
T-3831 62
Sanders, W. N., and J. B. Maynard. 1968. Capillary gas chromatographic method for 
determining the C3-C12 hydrocarbons in full-range motor gasoline. Analytical 
Chemistry 40 (3): 527-535.
Senn, R. B., and M. S. Johnson. Undated. Interpretation of gas chromatography data 
as a tool in subsurface hydrocarbon investigations. Amoco Corporation; Tulsa, 
Oklahoma.
Singer, M. E., and W. R. Finnerty. 1984. Microbial metabolism of straight-chain and 
branched alkanes. Chapter 1 in: Petroleum microbiology. Ed. R. M. Atlas.
New York: Macmillan Publishing.
Stiver, W., and D. Mackay. 1984. Evaporation rate of spills of hydrocarbons and 
petroleum mixtures. Environ. Sci. Technol. 18 (11): 834-840.
Thornton, J. S., and W. L. Wootan. 1982. Venting for the removal of hydrocarbon
vapors from gasoline contaminated soil. J. Environ. Sci. Health A17 (1): 31-44.
Updegraff, D. M. 1982. GC 563 Environmental Microbiology laboratory syllabus. 
Colorado School of Mines, unpublished.
U.S. Environmental Protection Agency (EPA). 1987. Draft final technical support 
document - methyl ferf-butyl ether. Prepared for Test Rules Development 
Branch, Existing Chemical Assurance Division, Office of Toxic Substances, 
Washington, D.C., by Syracuse Research Corp., Syracuse, N.Y. SRC TR-86-394, 
Feb. 26, 1987.
U.S. Environmental Protection Agency (EPA). 1982. Test methods for evaluating solid 
waste - physical/chemical methods. 2nd ed. EPA Report SW-846. Washington, 
D.C.: Office of Solid Waste and Emergency Response.
Walker, J. D., L. Petrakis, and R. R. Colwell. 1976. Comparison of the
biodegradeability of crude and fuel oils. Can. J. Microbiol. 22: 598-602.
Wilson, J. T., L. E. Leach, M. Henson, and J. N. Jones. 1986. In situ biorestoration as 
a ground water remediation technique. Ground Water Monitoring Review (fall): 
56-64.
Zobell, C.E. 1946. Action of microorganisms on hydrocarbons. Bacteriol. Rev.
10: 1-49.
T-3831 63
APPENDIX A: HYDROCARBON MONITORING DATA
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Table A-1: Target Hydrocarbon Concentrations in Gasoline























Concentrations in terms of percent are estimated from the 























































s l■C C O o
< S a |co 75 co o  =- o
c  =  E  ^  
o  9- (o ^
0- -3 “  S
03
.S2 C  
^  CO co CO
CD >» Or  a i  ©
o  2? c  1Ra. co o

















° g ? s § q a § 5 q °T- T- ^  CM Z Z  Z£  -  CO CD
—  O O O O O —. O O C O q qg i n i - o o N < o g w 5 r r u uCO -r- CM -------  Ci3 - -
0 0 0 0 0 0 —. 0 0 0  
C M O - r - O T f o S c O C O C O1 - C O C O O i - U > ® i - W t - CVJ
O O O O O O f 0 O O O Q Q
i f l i n o o o i n S c o o o ) .  . r * ( j ) ^ n ( O i o ® T - n i - 2 2
i nCD CO CO CO CO

















22 03 03i f  §
E  Cl  J 2  
03 03 o
03
C  -  CD ®N C 
E  03 03
O  ®  > s S  c  :9 X .2? eo ^  a  
B £  ^  X
i S l c D l h O f f i  E  o
03 03 03 03c £ COO
£
03 03 O 03 CO CO£ e £ O OCO
0 JC CO0 coC3 03•a ■OCO
CD■a
03 x: 03 03 co CO■O Q. ■O T3 £ X£ CO O 03 03 CD











































































































C Q. © ©
03
©  ©





















co <o P  P  Q PvNI —r -y.




Z z z z
o
'S’
(NJ O) CJ N  N  Q  Q  







<C *- «  C «  © © 
1 0  ©  >> O
B 8 - 1  I0. -  © o
s  w  2  °  S  o  ^  
®  S> 00 5- 40 CM
g  tj- Q Q 




















© di C  © ©
© C c ? © ® * > » c: UJ C »  ffl §  c 5 x  «
2  x  *- Cl  J2 -2  ^  q . ^H © © © 0 <£3= S x m x i - O u j  E  o
© © © ©
C c c©O©TO
C
© _© © © © ©c ©r»
c c o o© © © © © © ©c c o o o TJ w© ■O© © © s © © © ©c o T3 Q. ■O JO u. c Xo © C © o ‘u © © ©






























































































CO CO CO CO 
o  9  in s
co co CO -r-
Q Q Q Q
z  z  z  z
CO W  (O N  r  CO CO N  S
a  q  
z  z
O ‘C - c  o  w «  w 7















£  g . S i
c  c l  '55 o03 >* •












d d d c \ l t t? C \ j < C o ) ^ t \ ] T - o CO[ \ j ^ O Q Q Q
2  2  ^  ^  to co os in to n  co t— co co cm ^  ^  2  Z
CM
troQ.
d  d  d  n  w w ^  to
z * z ' 2  CM -  o j co 0
n N - . o x f r - t o ^ Q Q Q
















CO COj <13 
03 £■
C “  





C  03 03
0  2  >* Ec o i s j i 2 © m ~ X ^
x c  a . 2  20 3 0 3 0 3 0 ^ 5 ? ,  
I  CD I  H  O LU E O
= ffi ra c
03 03
C  C  _as as 03c  o  T3
O  03 C21 Q 3
03c
03 _G3 03 03
t3 ^  C§ aS
O  5= O o
■ _  03 Q)
a  t3 T3 iCO O -C ©
Z  a  h- h-
®  03
as ^ o  g




































































































9* sE o  ©
CO £ •  
©
qT■g
_  _ _  CO
00 © 'co ^
S  “
2  §  -sa. ©
-  —  22 CO ©  co 2









Q d d ^ d S ^ c i (£! r S Q1? ot? ’- ^ ® T- ^ T|: P
2 Z Z ' r‘ 2 i o o 2 ,r" 0 0 o T” c0C0CVJCVJ'r“ ', t 'p“ 2
d d d t d c o ^ Q cv! 0 )  i n c o f l O ' t c o c o W W Q
J -  -  Tt co CO -  -  •
Z  Z  Z o Z  o  o  Z CO T f cm
CO I"-
•O" Tj- Q Q d  QI ^  >4 >1 w wa
C O C 3 5 P ^ C O t- Z Z Z Z













ffl LU I  s  s9? © ©
©
§ © 
N  C  
C  ©
lu u-l O'. *'u 03 ^ — X 22
c  P  x c  a  2  5  >> q, w
© r - © © © o ° ^ p - - i
© ©c e© © © fl) ©
© a © c c oc © © © r- © © ©
© c c o o O 73
re © © JZ © <1> ©c o •o CL TJ ■n u .A o © c © O ©
O Z Q 3 Z Q r -
2  S5  <8© o  © ■D ©
C  X  CL 












































































































































Q O Q r C O N Q Q Q
z c o z ^ w c o z z z
CO 1 -  CO ^  
r -  CM t -  3L n , r N w § ? 2 l o | s : Q
^  5  d  d  d  d  d  d  d
° » - Z 2 Z Z Z Z Z
Q Q Q 
Z  Z  Z
S Q o )  
?  z  w
03 CM in 
T-  CM CO
CO cm in co cm Q O O






















« ?  £  x c  Q . 2  5  >  6 . ^  c  o - o
03C
 X L_ U. <—
03 I—  03 03 03 o  ^  i :  r-’
i S l C O l h Q l i l  E





















■oJc 03 03 CO COQ. ■O T> h_ cz XCO o 03 03 <13




































































































-  03 ‘C
CQ tg  ®  O
i n 8  o .  e  
t r  =  E  oO “ • (O •
a. 3  «  £o  a>
• O 
CO t s  3  03i n  3  a  c
t r  '■= E  3
o  §■ e5 >■Q_ -g w
03
S ’ «  “  I  












d d d i n N c o N t $ 2
T ^ T C O r - i - W o O o i -
I f l  CO N  §  O  
t -  - r -  co  ^  r^-
CO T- 
L O CM CO
O  55 Q  IO  CM
2  ^  z  ^  ^
Q Q Q Q 
2  2  2  2
O  O  O  co  O  
2 2 2 ^2
^ c o i n ^ ( \ j o i n c o i n i D t c o i nCVI CMCM? ! ®lr" ' r W ® W N r - T - Q Q
Q Q Q O T Q c o c M ' r -
Z 2 Z ^ Z r C O C O



















g  oN c  
C  03 03" •  r *
CDa > 2  © ® C ^ © C D >«  N is S  c  5 x
co c  P  x  c  Q- J=5 ^  Q . x *
c  03 t z  03 03 03 O  £  ~  ~ iC ffl W Q) w  V< 0 - S x m x i - O LLI





03 03 03 03 co <0c *<0 C C o o03 03 CO r— co CO 03 03
c C o o o ■o
3
■o
co CO 03 s 03 03 CO CO
o • a Q . T3 ■g V— c Xo CD cr CO O "3 03 03










































APPENDIX B: CARBOXYLIC ACIDS DATA
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Table B-1: Spike Recoveries from Carboxylic Acids Analyses. Page 1 of 2.
First Sampling Event
-1  day after gasoline addition to soil.
Sample: Blank soil spike 3/2/89. 
Soil weight: 2.13 g.
SDike ComDound SDike Concentration fua/al Recoverv
Propionic acid 14,900 0%
Butyric add 12,400 0.2%
Valeric add 9500 1.5%
Benzoic acid 3300 1.7%
Capric acid 5900 2.7%
Second Sampling Event
- 39 days after gasoline addition to soil.
Sample: 50 ug spike 4/8/89 
Soil weight: 1.07 g.
SDike ComDound SDike Concentration fua/cri Recovery
Propionic acid 19.7 0%
Butyric add 9.4 0%
Valeric acid 8.6 0%
Benzoic acid 16.4 0%
Capric acid 13.8 6.0%
Sample: 500 ug spike 4/8/89 
Soil weight: 1.13 g.
SDike ComDound SDike Concentration (ua/cri Recovery
Propionic acid 167 0.2%
Butyric acid 83.4 0.1%
Valeric acid 72.4 2.0%
Benzoic acid 139 2.4%
Capric acid 117 9.7%
T-3831
Table B-1: Spike Recoveries from Carboxylic Acids Analyses. Page 2 of 2.
Third Sampling Event
- 67 days after gasoline addition to soil.
Sample: Low spike, 5/6/89 
Soil weight: 3.11 g.
SDike ComDound SDike Concentration fua/a) Recovery
Propionic acid 32.3 0%
Butyric acid 16.1 0%
Valeric add 14.0 11%
Benzoic acid 26.9 19%
Capric acid 22.6 5%
Sample: High spike, 5/6/89 
Soil weight: 3.08 g.
SDike ComDound SDike Concentration (ua/ai Recovery
Propionic acid 110.2 0%
Butyric acid 55.1 0%
Valeric acid 47.8 15%
Benzoic acid 91.8 18%
Capric acid 77.3 9%
Fourth Sampling Event
-191 days after gasoline addition to soil.
Sample: Blank soil (bulk)
Soil weight: 656 g.
Spike Compound Spike Concentration (ug/g) Recovery
Butyric acid 21.0 1.2%
Benzoic acid 44.4 7.4%
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APPENDIX C: BACTERIA MONITORING RESULTS
T-3831 96
Table C-1: Bacteria Enumerations on Nutrient Agar. Page 1 of 5. 
Date Plated: Feb. 2 4 ,1 9 8 9
Sample Description: Soil used in column experiment; plated prior to 
addition of water and gasoline.
Media: Nutrient agar.
Plating Technique: spread plate.












A . 0.2 ml 0 Blank
B - - - 0.2 ml 2 - Sterile water
C - - - 0.2 ml 0 - Sterile water
D 1.00 100 ml 1:10 0.2 ml over 1000
E 1.00 100 ml 1:100 0.2 ml 570 2.9E+07
F 1.00 100 ml 1:318 0.2 ml 300 4.8E+07 Capillary tube
G 1.00 100 ml 1:3180 0.2 ml 136 2.2E+08 Capillary tube
H 1.00 100 ml 1:31800 0.2 ml 9 1.4E+08 Capillary tube
* CFU/g. = Colony-forming units per gram  soil.
T-3831 97
Table C-1: Bacteria Enumerations on Nutrient Agar. Page 2 of 5.
Date Plated: March 2 ,1 9 8 9
Sam ple Description: Soil column experiment: blank soil, port 1A soil, and 
port 5A soil.
Media: Nutrient agar.
Plating Technique: spread plate.
Incubation: 3 days at 30 degrees C.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g.) water added plated plate
1 1.0 g. 100 ml 1:1 0.20 ml Numerous Blank soil
2 1.0 g. 100 ml 1:1 0.20 ml Numerous - Duplicate
3 1.0 g. 100 ml 1:10 0.20 ml Numerous - Blank soil
4 1.0 g. 100 ml 1:10 0.20 ml Numerous - Duplicate
5 1.0 g. 100 ml 1:100 0.20 ml 134 6.7E+06 Blank soil
6 1.0 g. 100 ml 1:100 0.20 ml 207 1.0E+07 Duplicate
7 1.0 g. 100 ml 1:1000 0.20 ml 31 1.6E+07 Blank soil
8 1.0 g. 100 ml 1:1000 0.20 ml 37 1.9E+07 Duplicate
9 - - - 0.20 ml 0 - Sterile water
10 1.0 g. 100 ml 1:1 0.20 ml Numerous - Port 1A
11 1.0 g. 100 ml 1:1 0.20 ml Numerous - Duplicate
12 1.0 g. 100 ml 1:10 0.20 ml Numerous - Port 1A
13 1.0 g. 100 ml 1:10 0.20 ml Numerous - Duplicate
14 1.0 g. 100 ml 1:100 0.20 ml 286 1.4E+07 Port 1A
15 1.0 g. 100 ml 1:100 0.20 ml 274 1.4E+07 Duplicate
16 1.0 g. 100 ml 1:1000 0.20 ml 34 1.7E+07 Port 1A
17 1.0 g. 100 ml 1:1000 0.20 ml 35 1.8E+07 Duplicate
18 - - - 0.20 ml 0 - Sterile water
19 1.0 g. 100 ml 1:1 0.20 ml Numerous - Port 5A
20 1.0 g. 100 ml 1:1 0.20 ml Numerous - Duplicate
21 1.0 g. 100 ml 1:10 0.20 ml Numerous - Port 5A
22 1.0 g. 100 ml 1:10 0.20 ml Over 500 - Duplicate
23 1.0 g. 100 ml 1:100 0.20 ml 117 5.9E+06 Port 5A
24 1.0 g. 100 ml 1:100 0.20 ml 109 5.5E+06 Duplicate
25 1.0 g. 100 ml 1:1000 0.20 ml 31 1.6E+07 Port 5A
26 1.0 g. 100 ml 1:1000 0.20 ml 38 1.9E+07 Duplicate
27 - - - 0.20 ml 1 - Sterile water
* CFU/g. -  Colony-forming units per gram soil.
T-3831 98
Table C-1: Bacteria Enumerations on Nutrient Agar. Page 3 of 5.
Date Plated: March 18 ,1989
Sample Description: Soil column experiment: blank soil and Port 2 soil. 
Media: Nutrient agar.
Plating Technique: spread plate.
Incubation: 3 days at 30 degrees C.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g.) water added plated plate
10A .51 g. 200 ml 1:100 0.20 ml 54 1.1E+07 Port 2
10B .51 g. 200 ml 1:100 0.20 ml 81 1.6E+07 Duplicate
11A .51 g. 200 ml 1:1000 0.20 ml 22 4.3 E+07 Port 2
11B .51 g. 200 ml 1:1000 0.20 ml 13 2.5E+07 Duplicate
12A -51 g. 200 ml 1:10,000 0.20 ml 20 3.9E+08 Port 2
12B .51 g. 200 ml 1:10,000 0.20 ml 12 2.4E+08 Duplicate
13 - - - 0.20 ml Numerous - ■ Sterile water
14A .75 g. 200 ml 1:100 0.20 ml 147 2.0E+07 Blank soil
14B .75 g. 200 ml 1:100 0.20 ml 75 1.0E+07 Duplicate
15A .75 g. 200 ml 1:1000 0.20 ml 13 1.7E+07 Blank soil
15B .75 g. 200 ml 1:1000 0.20 ml 7 9.3E+06 Duplicate
16A .75 g. 200 ml 1:10,000 0.20 ml 1 1.3E+07 Blank soil
16B .75 g. 200 ml 1:10,000 0.20 mi 2 2.7E+07 Duplicate
17 - - - 0.20 ml 0 - Sterile water
* CFU/g. = Colony-forming units per gram  soil.
T-3831 99
Table C-1: Bacteria Enumerations on Nutrient Agar. Page 4 of 5.
Date Plated: April 28, 1989
Sample Description: Soil column experiment: blank soil and Port 3 soil. 
Media: Nutrient agar.
Plating Technique: spread plate.
Incubation: 3 days at 30 degrees C.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g.) water added plated plate
4A .85 g. 200 ml 1:100 0.20 ml overl 300 1.5E+08 Port 3
4B .85 g. 200 ml 1:100 0.20 ml overl 200 1.4E+08 Duplicate
5A .85 g. 200 ml 1:1000 0.20 ml 277 3.3E+08 Port 3
5B •85 g. 200 ml 1:1000 0.20 ml 280 3.3E+08 Duplicate
6 - - - 0.20 ml 1 - Sterile water
10A 1.05 g. 200 ml 1:100 0.20 ml 135 1.3E+07 Blank soil
10B 1.05 g. 200 ml 1:100 0.20 ml 139 1.3E+07 Duplicate
11A 1.05 g. 200 ml 1:1000 0.20 ml 15 1.4E+07 Blank soil
11B 1.05 g. 200 ml 1:1000 0.20 ml 29 2.8E+07 Duplicate
12 - - - 0.20 ml 0 - Sterile water
* CFU/g. = Colony-forming units per gram  soil.
T-3831 100
Table C-1: Bacteria Enumerations on Nutrient Agar. Page 5 of 5.
Date Plated: May 6 ,1 9 8 9
Sam ple Description: Soil column experiment: blank soil, Port 1B soil and 
Port 5B soil.
Media: Nutrient agar.
Plating Technique: spread plate.
Incubation: 3 days at 30 degrees C.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g-) water added plated plate
1A .92 g. 100 ml 1:1000 0.20 ml 261 1.4E+08 Port 1B
1B .92 g. 100 ml 1:1000 0.20 ml 253 1.4E+08 Duplicate
2A .92 g. 100 ml 1:10,000 0.20 ml 30 1.6E+08 Port 1B
2B .92 g. 100 ml 1:10,000 0.20 ml 27 1.5E+08 Duplicate
3 - - - 0.20 ml 1 - Sterile water
4A 1.44 g. 100 ml 1:1000 0.20 ml 82 2.8E+07 Port 3
4B 1.44 g. 100 ml 1:1000 0.20 ml 89 3.1 E+07 Duplicate
5A 1.44 g. 100 ml 1:10,000 0.20 ml 11 3.8E+07 Port 3
5B 1.44 g. 100 ml 1:10,000 0.20 ml 3 1.0E+07 Duplicate
6 - - - 0.20 ml 2 - Sterile water
7A 1.09 g. 100 ml 1:100 0.20 ml 122 5.6E+06 Blank soil
7B 1.09 g. 100 ml 1:100 0.20 ml 134 6.1 E+06 Duplicate
8A 1.09 g. 100 ml 1:1000 0.20 ml 24 1.1 E+07 Blank soil
8B 1.09 g. 100 ml 1:1000 0.20 ml 28 1.3 E+07 Duplicate
9 - - - 0.20 ml 3 - Sterile water
* CFU/g. = Colony-forming units per gram  soil.
T-3831 101
Table C-2: Bacteria Enumerations on Mineral Salts Agar. Page 1 of 3.
Date Plated: March 18 ,1989
Sam ple Description: Soil used in column experiment; blank soil and 
Port 2 soil. '
Media: Mineral salts agar.
Plating Technique: spread plate.
Incubation: 16 days at 30 degrees C, in a desiccator connected with a hose  
to a flask of gasoline.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g-> water added plated plate
1A .51 g. 200 ml 1:10 0.20 ml 143 2.8E+06 Port 2
1B .51 g. 200 ml 1:10 0.20 ml 8 1.6E+05 Duplicate
2A .51 g. 200 ml 1:100 0.20 mi 50 9.8E+06 Port 2
2B .51 g. 200 ml 1:100 0.20 ml 17 3.3E+06 Duplicate
3A .51 g. 200 ml 1:1000 0.20 ml 5 9.8E+06 Port 2
3B .51 g. 200 ml 1:1000 0.20 ml 2 3.9E+06 Duplicate
4 - - - 0.20 ml 2 - Sterile water
5A .75 g. 200 ml 1:10 0.20 ml over 600 - Blank soil
5B .75 g. 200 ml 1:10 0.20 ml overl 000 - Duplicate
6A .75 g. 200 ml 1:100 0.20 ml 110 1.5E+07 Blank soil
6B .75 g. 200 ml 1:100 0.20 ml 135 1.8 E+07 Duplicate
7A .75 g. 200 ml 1:1000 0.20 ml 15 2.0E+07 Blank soil
7B .75 g. 200 ml 1:1000 0.20 ml 10 1.3 E+07 Duplicate
8 - - - 0.20 ml 1 - Sterile water
* CFU/g. = Colony-forming units per gram  soil.
T-3831 102
Table C-2: Bacteria Enumerations on Mineral Salts Agar. Page 2 of 3.
Date Plated: May 12 ,1989
Sample Description: Soil column experiment; blank soil and Port 4 soil. 
Media: Mineral salts agar.
Plating Technique: spread plate.
Incubation: 12 days at 30 degrees C, in sealed desiccator, no gasoline added 
(control sample).
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g.* Notes
No. (g.) water added plated plate
1C .90 g. 200 ml 1:10 0.20 ml 160 1.8E+06 Blank soil
1D .90 g. 200 ml 1:10 0.20 ml 152 1.7E+06 Duplicate
2C .90 g. 200 ml 1:100 0.20 ml 88 9.8E+06 Blank soil
2D .90 g. 200 ml 1:100 0.20 ml 59 6.6E+06 Duplicate
3C .90 g. 200 ml 1:1000 0.20 ml 20 2.2E+07 Blank soil
30 .90 g. 200 ml 1:1000 0.20 ml 37 4.1 E+07 Duplicate
5C 1.22 G. 200 ml 1:10 0.20 ml over 500 - Port 4
50 1.22 G. 200 ml 1:10 0.20 ml over 480 - Duplicate
6C 1.22 G. 200 ml 1:100 0.20 ml 91 7.5E+06 Port 4
6D 1.22 G. 200 ml 1:100 0.20 ml 106 8.7E+06 Duplicate
7C 1.22 G. 200 ml 1:1000 0.20 ml 4 3.3E+06 Port 4
7D 1.22 G. 200 ml 1:1000 0.20 ml 21 1.7E+07 Duplicate
* CFU/g. = Colony-forming units per gram  soil.
T-3831 103
Table C-2: Bacteria Enumerations on Mineral Salts Agar. Page 3 of 3. 
Date Plated: May 12 ,1989
Sam ple Description: Soil column experiment; blank soil and Port 4  soil. 
Media: Mineral salts agar.
Plating Technique: spread plate.
Incubation: 12 days at 30 degrees C, in sealed desiccator with 
a 50 ml. beaker of gasoline.
Plate Soil wt. Initial Dilution Volume Colonies/ CFU/g/ Notes
No. (g.) water added plated plate
1A .90 g. 200 ml 1:10 0.20 ml 229 2.5E+06 Blank soil
1B .90 g. 200 ml 1:10 0.20 ml 105 1.2E+06 Duplicate
2A .90 g. 200 ml 1:100 0.20 ml 12 1.3E+06 Blank soil
2B .90 g. 200 ml 1:100 0.20 ml 56 6.2E+06 Duplicate
3A .90 g. 200 ml 1:1000 0.20 ml 1 1.1E+06 Blank soil
3B .90 g. 200 ml 1:1000 0.20 ml 1 1.1 E+06 Duplicate
4 - - - 0.20 ml 0 - Sterile water
5A 1.22 G. 200 ml 1:10 0.20 ml Numerous - Port 4
5B 1.22 G. 200 ml 1:10 0.20 ml Numerous - Duplicate
6A 1.22 G. 200 ml 1:100 0.20 ml Numerous - Port 4
6B 1.22 G. 200 ml 1:100 0.20 ml Numerous - Duplicate
7A 1.22 G. 200 ml 1:1000 0.20 ml over 375 3.1 E+08 Port 4
7B 1.22 G. 200 ml 1:1000 0.20 ml over 400 3.3E+08 Duplicate
8 - - - 0.20 ml 0 - Sterile water
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